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Abstract 
Despite their significant impacts on human health and the environment, ship emissions have 
not received sufficient attention, in terms of depth of scientific investigation. Emissions from 
diesel fuel combustion are known to contain ultrafine particles (UFP), 100  nm. The diesel 
fuels which are normally used in ships contain high concentrations of sulfur, vanadium, nick-
el and other chemicals, which are also present in their emissions and can contribute to the 
greenhouse effect. 
This research project aimed to investigate the UFPs, mainly in the size range of 10 to 100 na-
nometers, contained in the emissions from ships and land-based transport in the surrounding 
areas of the Port of Brisbane. To this end, a number of different measurement campaigns 
were conducted involving: (i) the onboard measurement of ship emissions on two dredgers 
located in the Brisbane River, (ii) the measurement of emissions from trains operating in the 
Port of Brisbane and its surrounding area, in order to  quantify its parameters , and (iii) chem-
ical concentration measurements for vanadium (V), nickel (Ni), chlorine (Cl), sulfur (S), 
black carbon (BC) and particle number (PN), conducted 30 km inland from the Port of Bris-
bane, in the suburban area of Rocklea, to investigate the  using V, Ni, and S, as trac-
ers/indicators for the ship emissions.  
For ship emission measurements, we employed a relatively new measurement technique, 
called the Plume Capture and Analysis System (PCAS), and adapted it for the purpose of this 
study. The PCAS was used on board of two dredgers, the Amity and the Brisbane, which op-
erated in the waters surrounding the Port of Brisbane, based on two different operational 
modes. The aim of these measurements was to characterise the UFPs emitted by ships, as 
well as investigate their distribution and influence on the surrounding areas. 
In terms of ship emission measurements, emission factors (EFs) were obtained for NOx, SO2, 
PM2.5 and particle number (PN), together with size distribution and particle number emission 
factors. For the Amity, the EFs were as follow: PN: 2.3×1015 kg-fuel-1; NOx:29.7 – 62.9 g.kg-
fuel-1, SO2: 0.6 – 1.1 g.kg-fuel-1; and PM2.5: 0.7 – 6.3 g.kg-fuel-1. For the Brisbane, they were 
PN: 1.0 – 1.5 × 1016 kg-fuel-1, NOx: 2.8 – 6.6 g.kg-fuel-1, SO2: 1.3 – 1.8 g.kg-fuel-1 and PM2.5: 
1.2 – 5.7 g.kg-fuel-1.  PNEFs were determined for each chemical species, along with the 
count median diameter (CMD), geometric standard deviation (GSD), and amplitude of distri-
bution. The size distributions were found to be consistently uni-modal below 500 nm and this 
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mode was within the accumulation mode ranged for both vessels. The CMD for the Amity 
was in the range 90-133 nm, while for the Brisbane, it range from 64-88 nm. 
The relationship between the EFs and plume sample dilution was examined, in order to de-
termine the plume dilution range over which the technique can deliver consistent results 
when measuring EFs for PN, NOx, SO2 and PM2.5. The EFs for NOx, SO2 and PM2.5 were all 
found to be independent of plume sample concentration. The EFs for PN were corrected for 
coagulation losses by applying a time dependent particle loss correction to the particle num-
ber concentration data. These findings serve to prove the efficiency and effectiveness of the 
PCAS for measuring airborne aerosol concentrations. 
In terms of the measurement of emissions from railway trains servicing an Australian ship-
ping port, i.e., the Port of Brisbane, we described a technique for analysing exhaust emission 
plumes from unmodified locomotives under real world conditions, and applied this to the task 
of characterising plumes from railway trains servicing the shipping port. This involved the 
simultaneous measurement of PN, PM2.5, SO2, NOx and CO2 downwind from the railway 
line, with the last of these pollutants being used as an indicator of fuel combustion. EFs were 
then derived for the number of particles, as well as that mass of pollutants emitted per unit 
mass of fuel consumed. Particle number size distributions were also plotted. Overall, samples 
from 56 train movements were collected, analysed and presented. The quantitative results for 
emission factors were: EF(PN) = (1.7±1)×1016 kg-1, EF(PM2.5) = (1.1±0.5) g·kg-1, EF(NOx) = 
(28±14) g·kg-1 and EF (SO2) = (1.4±0.4) g·kg-1. The findings were then compared with pre-
viously published work, and statistically significant (݌ ൏ ߙ, ߙ ൌ 0.05) correlations  were 
found between the emission factors for particle number and both SO2 and NOx within the 
group of locomotives sampled. 
In terms of the use of V and Ni as ship emission tracers, wind-directionally resolved concen-
trations of vanadium (V), nickel (N), sulfur (S), chlorine (Cl) black carbon (BC), and particle 
number (PN) have been investigated if they related to the ship visits at Port of Brisbane, 30 
km to the northeast from the measure site, Rocklea.  The chemical concentration data were 
obtained following their collection on Teflon filters (PALL Life Science, Pall Corp., Ann Ar-
bor, MI), using an IMPROVE cyclone sampler adapted for the ANSTO Aerosol Sampling 
Project (ASP). A geographical circle centred at Rocklea was divided into eight segments, 
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each encompassing a 45o directional arc. Elevated [V]/[Ni] and [V]/[BC] ratios attributable to 
the combustion of residual fuel oil used in shipping were detected in winds arriving from the 
direction of a coastal shipping port. Both ratios were found to be significantly correlated with 
ship visits and the fraction of time during which the wind blew from the port octant. Howev-
er, increases in [PN]/[BC] did not correlate the ship emission indicators or with shipping ac-
tivity. 
The mean 24 hour airborne concentration of V observed at Rocklea was higher on days when 
the wind was predominantly from the NE octant encompassing the Port. The mean V concen-
tration across all such days was 0.3 ng.m-3 (30%) higher than that for the next highest [V] 
yielding octant, and 1 ng.m-3 (320%) higher than that for the lowest [V] yielding octant con-
sidered to approximate the natural background. A similar but weaker angular distribution pat-
tern was observed for [S]. Elevated PN concentration was not found to be linked to the ship 
visits, but to the Brisbane Airport. 
The findings showed that the influence of ship emissions from the coastal port can be identi-
fied and approximately quantified in ambient air at distant urban locations. 
At the end of this thesis, a number of relevant further studies are suggested. 
Keywords: ship emission, dredger, ultrafine particle (UFP), PM2.5, SO2, CO2, NOx, emission 
factor, size distribution, particle number concentration (PNC), Port of Brisbane, train emis-
sion, vanadium (V), nickel (Ni) , chlorine (Cl), sulfur (S), black carbon (BC), tracer. 
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1 Background 
1.1 Introduction 
1.1.1 Ship Emissions as a Pollution Source  
Gaseous and airborne particle emissions from ships have drawn increasing attention in recent 
years due to their impacts on the environment and their potential long term harmful effects on 
human health (Chen et al., 2005; Cooper, 2001; Corbett and Farrell, 2002; Corbett and Fisch-
beck, 1997; Corbett and Koehler, 2003; Isakson et al., 2001; Williams et al., 2009).  
Emissions from shipping have historically been subject to less regulation than emissions from 
land-based transport (Cooper, 2001, 2005; Corbett, 2003; Corbett and Farrell, 2002; Eyring et 
al., 2005; Streets et al., 1997; USEPA-OTAC, 2012), and as a consequence, considerably less 
data exists concerning them. Although this is largely due to the fact that ships operate for 
much of the time in areas remote from human habitation, significant time is also spent in and 
around ports located adjacent to population centres. 
Scientific awareness of the harmful effects of ship emissions is only relatively recent, and 
therefore, these pollutants have been less regulated and quantified less regularly, compared to 
emissions from land based transport systems (Cooper, 2005; Corbett & Koehler, 2003; 
Corbett, J. J. & Farrell, 2002; Eyring, 2005; http://www.epa.gov/otaq/oceanvessels.htm#regs, 
2008; Streets et al., 1997). This may be due to the fact that ships, which mainly operate at 
sea, are normally considered to be remote from human inhabitants, and therefore, they would 
not be expected to cause, or bring about, any direct effects from the pollution they emit. Or-
dinary people do not, in general, think about the consequences of ship emissions in their daily 
lives, due to the fact that ports are mostly built far away from human residences. As a result, 
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ships have been assumed to be one of the cleanest transport systems, and not a direct source 
of pollution exposure in the general public (Chen et al., 2005).  
In the last two decades, scientists, mainly those whose work was related to environmental is-
sues, have been observing the environmental effects attributed to ship emissions. On a global 
scale, ships can be considered one of the most significant sources of pollution, with the po-
tential to cause dramatic increases in global air and water pollution if left unregulated. Given 
that the pollutants present in ship emissions have the potential to severely affect human 
health, more stringent regulations are urgently needed in order to help mitigate this effect 
(Corbett, J. J., 2003; Liu et al., 2009).   
Although the number of ships worldwide is relatively small compared to the number of land-
based transport vehicles, the pollution emitted by ships could be just as significant, due to a 
number of factors. Firstly, ships, mainly large ships, use either two or four stroke diesel en-
gines, which are known to emit large quantities of some of the world's most harmful pollu-
tants. The power required to propel these ships at sea necessitates the use of engines with 
very large displacements. A typical medium to large ocean going ore carrier or oil tanker hav-
ing a deadweight of 200,000 tonnes may have an engine displacement of 15 kL, and consume 
fuel at a rate of 0.175-0.225 kg kWh-1 (Corbett, James J. & Fischbeck, 1997; Wärtsilä_Ltd, 
2012). In contrast, a typical mid-sized motor car has an engine displacement of only 2 L. Fur-
thermore, the United States Environmental Protection Agency (US EPA), together with Unit-
ed Nation International Maritime Organization (IMO), for instance, have proposed future 
regulations which target large sized ship engines, such as those with a per cylinder displace-
ment of 30 litres or more, which indicates that engines of this size are, and will be, used in a 
large number of ships. 
Secondly, the volume of shipping trade is expanding at an increasing rate with the advance-
ment of global free market trade (IMO, 2009). According to a study conducted by the US 
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EPA on bunker fuel use (Corbett & Koehler, 2003; 
http://www.epa.gov/otaq/oceanvessels.htm#regs, 2008), the demand for diesel fuel for ship-
ping has risen significantly in recent years, and has the potential to reach 500 million tonnes 
per-year by 2020 from a demand of 380 million tonnes in 2008 (see  Figure 1-1). As a result 
of this growth in fuel consumption, the impact of ship emissions on the worlds’ port cities 
and seas is also likely to increase. 
Finally, most large ships use residual fuels as a way of improving fuel economy, however 
because such fuels typically have very high sulfur content, this occurs at the expense of in-
creasing global pollutant emissions. The sulfur content may be as much as 4.5% in some cas-
es (Fridell et al., 2008). Typically, the SO2 EFs for bulk freighters on a per kg of fuel basis, at 
54 g (SO2) (kg-fuel)-1 (Cooper, 2001), are around 130 times higher than those of an average 
motor car. This is based on the conversion of the per-km based SO2 EFs for motor cars of be-
tween 0.02 g (SO2) km-1 (Hung-Lung et al., 2007; Isakson et al., 2001) and 0.031 g (SO2) km-
1 (Corbett, J. J. & Farrell, 2002; Romilly, 1999). 
While various research groups have endeavoured to assess ship emissions and their impact on 
human health and the environment, the quantitative knowledge in this field remains frag-
mented. According to some authors, global sulfur emission from all transport modes amount 
to approximately 13.0 Tg SO2 per annum, of which 16% is caused by petroleum fuelled 
transport, and a further 5% by transport using other fuel types (Corbett, James J. & 
Fischbeck, 1997; Harris & Maricq, 2002). Other authors have found a significantly lower to-
tal emission, ranging from 7 to 8.5 Tg SO2 (Endresen et al., 2005). In a later study, Corbett 
and Koehler (2003) highlighted the existence of such discrepancies in reported values and 
hypothesised that they are due to disparities between fuel use statistics and actual fuel usage. 
In order to address these discrepancies, Endresen et al. (2005) suggested the establishment of 
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a reliable baseline of ship emission levels, on both regional and global scales, using recog-
nised modelling approaches and highly detailed input data. 
     
Figure 1-1: Predicted bunker fuel consumption by ships from 1995-2020 
(http://www.epa.gov/otaq/oceanvessels.htm#regs, 2008; US_EPA, 2008) 
1.1.2 Attempt to Regulate Ship Emission 
The original tasks of IMO when it was established were to develop and maintain comprehen-
sive regulation frameworks for international shipping related mainly to safety issues. Howev-
er, these tasks have developed to include environmental pollution issues as well.  The IMO 
has released and regularly revised regulations aiming to regulate ship operations, in order to 
remain in line with the changing operational parameters of the world’s shipping fleet. These 
regulations are mostly based on limitations for the chemical compounds emitted by ships. 
Although chemical compounds emitted by ships are not only known to be related to the envi-
ronmental pollution and destruction, but also to human health effects, such as respiratory 
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symptoms, however, the tasks normally handled by the IMO are limited to the environmental 
related issues. 
The earliest International Convention on Prevention of Pollution from Ships (MARPOL) 
adopted by IMO was dated back to November 1973, but was not entered into force until 
1978, when a tanker accident catalysed a release of the 1978 MARPOL Protocol. Combina-
tion of the 1973 MARPOL and the 1978 Protocol was entered into force in 1983. In 1997, 
another protocol was adopted by IMO, and amended into the convention, and new Annex VI 
was also added. This new combination was entered into force in 2005 (IMO, 2011).  
The United States and Canada have contributed to the establishment of maritime legislation 
and regulations to control the ship emissions. A draft proposal, which aimed to limit the 
emission of NOx and SOx from Ocean Going Vessels (OGVs) with category 3 engines, was 
recently  (2008) submitted to the International Convention on the Prevention of Pollution 
from Ships (MARPOL Annex VI). The proposal was drafted according to the geographically 
based Emission Controlled Areas (ECA), which are the sea areas of a port in which OGVs 
have to obey a set of rules aimed to limit the maximum sulfur content of fuel they use while 
operating in that area (Example of proposal from EPA can be viewed at 
(http://www.epa.gov/otaq/oceanvessels.htm#regs, 2008). The design of the ECAs, which has 
been adopted by the IMO, was expected to ensure that ships operating within 200 nautical 
miles of the U.S. coastline meet stringent NOx and fuel sulfur requirements. 
Starting from 2015, the introduction of these ECAs, which dictates that the fuel sulfur content 
should be less than 1000 part per million, is expected to reduce the sulfur content of fuel by 
85% from the levels used in 2010. The ECAs also require that, from the beginning of 2016, 
all OGVs operating within 200 nautical miles from U.S. coastline must have engines with 
advanced technology, such that they reduce the emission of NOx by 80% of the 2010 levels. 
Beyond the ECAs, the IMO has proposed that, from 1 January 2020, all OGVs must use fuel 
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with a sulfur content of less than 5000 ppm, which is a reduction of about 85.7% from the 
levels used in 2010, which was 35000 ppm. All of the above mentioned regulations will ap-
ply to all diesel engines operating at sea with a power output of 130 kW or over, and for all 
diesel fuels.  
Table 1-1 presents the summary of IMO regulation number 14, concerning the emission of 
sulfur both within and outside ECAs. 
(http://www.imo.org/OurWork/Environment/PollutionPrevention/AirPollution/Pages/Sulphur
-oxides-(SOx)-%E2%80%93-Regulation-14.aspx). 
Table 1-1: IMO Regulation 14 about SOx emissions beyond and within the ECA 
  SOx  Emission Outside ECA (by weight) SOx  Emission Inside ECA (by weight) 
4.5% prior to 2012 1.5% prior to 1 Jul 2010 
3.5% on and after 1 Jan 2012 1% on and after 1 Jul 2010 
0.5% on and after 1 Jan 2020*) 0.10% on and after 1 Jan 2015 
* Subject to a review of the availability of fuel to be concluded in 2018, and may be delayed 
until 2025 if the review recommends so. 
(http://www.imo.org/OurWork/Environment/PollutionPrevention/AirPollution/Pages/Sulphur-
oxides-(SOx)-%E2%80%93-Regulation-14.aspx) 
Therefore, the introduction of ECAs is expected to result in the reduction of SOx, NOx and 
PM emissions to 95%, 80% and 85% of current levels, respectively, which would be ex-
pected to provide substantial benefits in terms of improvements in public health.      
1.2 IMO Regulations 
IMO regulations concerning ship emissions were written in documents referred to as the 
MARPOL convention. Over the time, the MARPOL convention has been continuously up-
dated by the addition of a variety of new “protocols”. These amendments may contain a 
number of annexes, in which there are a number of emission standards, called “Tiers”. For 
example, one of the annexes in an amendment to MARPOL in 1997 was called Annex VI, 
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which contained limitations for the amount of NOx and SOx, as well as other ozone depleting 
substances in the marine fuel used by ocean going vessel (OGV), as defined in Tier I. The 
development of Annex VI, which occurred in 2008, included the introduction of Tiers II and 
III, which defined the following new standards: (i) the new fuel standard, (ii) the NOx emis-
sion standard for new engines, and the NOx standard for engines built prior to the year 2000 
(Agrawal et al., 2008). This amendment took effect from July 2010 and it also defined the 
new ECAs, in which certain fuel quality must be used by every OGV. The quality limitation 
included in the ECA regulations targets the emission of some species, such as NOx, SOx and 
the ultrafine particles (UFP) - the particles of < 100 nm in size.  
NOx is known to constitute one of the largest components of ship emissions, which is only 
second to CO2. The NOx from ship emissions is a target of the IMO regulation, and it is ad-
dressed in Regulation number 13 of Annex VI. NOx emissions are dependent on the rate of 
fuel burning, engine settings and the fuel type being used. The IMO regulations regarding 
future NOx emissions from ships are presented in Table 1-2. Similarly, SOx is regulated 
through Regulation number 14 of Annex VI, where the emission of sulfur is limited, as indi-
cated in the Table 1-3. Before fuel with sulfur content as required for operation within the 
ECA can be fulfilled, ships are allowed to use gas scrubbing systems in their exhausts. 
Although ultrafine particles are also a target for reduction, unlike NOx or SOx , they are not 
chemically defined. Instead, they are defined by international standard ISO 8178, according 
to their mass, as collected by a filter system under certain conditions (Buhaug, 2009). Despite 
not being chemically defined, it is important to reduce the number of ultrafine particles emit-
ted by ships, due to their effects on human health and the environment. So far, there are only 
three regions declared as ECAs The first was the Baltic Sea, which took effect in 2005. The 
second was the North Sea, which took effect in 2006, and the third ECA was the Northern 
U.S. and Canadian coastal areas, which took effect in 2012. Other areas, which are proposed 
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to become ECAs during the MEPC (Maritime Environmental Protection Council) 62 meet-
ing, in July 2011, were Puerto Rico and the U.S. Virgin Islands. The idea of establishing 
ECAs has spread quickly, with many countries, mainly in Europe and America, adopting the 
idea. 
One example of a country, which has aggressively implemented the ECA rules, is Turkey, 
which from 1 January 2012, imposed the following regulations on ships visiting the country: 
(i) no ships are allowed to use fuel which contains more than 0.1% by mass of sulfur, (ii) no 
fuels with a sulfur content exceeding 0.1% by mass are to be used by inland or quay vessels, 
(Agrawal, et al., 2008) no vessels with a Turkish flag may use fuel with a sulfur content ex-
ceeding 1.5% by mass in the 'SOx Detection Fields' area, as defined by IMO, and (iv) passen-
ger vessels providing regular services operating in the country’s maritime jurisdiction may 
not use fuel containing more than 1.5% sulfur (http://www.raetsmarinecommunity.com/files/, 
2012). 
In general, the NOx emissions from ships are controlled by the IMO through progressive def-
initions contained in Tier I, II and III of Annex VI, which targets ships with engines 130 kW  
or larger. The only exception is given to vessels from of tonnage which are used solely as 
emergency response vessels. Details of the regulation standards for NOx emissions are given 
in Table 1-2 (www.imo.org). 
The Tier III controls only apply to specified vessels, while they are operating in an ECA. 
Outside the ECA, the Tier II controls apply. For vessels which have to be controlled under 
Tiers II and III, their emission values are determined based on the NOx Technical Code 2008 
(www5.imo.org/SharePoint/blastDataHelper.asp/data_id%3D23929/638.pdf, 2008). 
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Table 1-2: NOx limitation (in g kWh-1) corresponding to the date of the ship's 
construction and its engines' rated speed.    
Tier 
Ship construc-
tion date on, or 
after 
Total weighted cycle emission limit (g kWh-1) 
n = engine’s rated speed (rpm) 
n < 130 n = 130 - 1999 n ≥ 2000 
I 1 January 2000 17.0 
45.n-0.2 
e.g., 720 rpm – 12.1 
9.8 
II 1 January 2011 14.4 
 44.n-0.23 
e.g., 720 rpm – 9.7 
7.7 
III 1 January 2016* 3.4 
 9.n-0.2 
e.g., 720 rpm – 2.4 
2.0 
*  is subject to a technical review to be concluded in 2013, and may be delayed if the 
review recommends so. 
This code was considered a mandatory for engine manufactures, ship owners and administra-
tive bodies, in relation to the testing, survey and certification of marine diesel engines, to en-
sure that they comply with regulation 13 of the revised MARPOL Annex VI. Vessel engines 
controlled under Tier I were certified based on the NOx Technical Code 1997, which was still 
used until 1 January 2011.  
For larger engines (i.e. those with an output power of 5000 kW or greater, or those with a cyl-
inder displacement of 90 litres or larger), Annex VI introduced a special regulation. For ex-
ample, if a ship of this engine class has been certified through a certain approved method, 
with a resulting emission value no higher than the relevant Tier I level, and this has been re-
ported to the IMO, then the approved method must be applied no later than the first renewal 
survey, which is more than 12 months after the result was reported to the IMO. If the ap-
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proved method is not commercially available at that time, then it is to be applied no later than 
the next annual survey. 
Controls over the emission of SOx and PM have been formulated in a similar manner. For 
example, limitations on the emission of the SOx apply for all kinds of fuel oil being used by a 
ship, both for its engines and its other combustion equipment or devices. This includes all 
main and auxiliary engines, boilers and any kind of generators. As was the case for NOx, the 
controls over SOx and PM emissions are also divided into two parts, that is, for ships operat-
ing within an ECA, and those which are operating outside the ECA. The controls are based 
primarily on the evaluation of the fuels sulfur content, which is expressed as a % by weight 
(m m-1). The control standards are also subject to revision over time, as a result of technolog-
ical developments. A summary of the SOx and PM controls is given in Table 1-3. 
Table 1-3: Limits on the SOx and particulate matter emission corresponding to the 
starting dates, and areas of ship operations.  
Outside an ECA established to limit SOx 
and particulate matter emissions 
Inside an ECA established to limit SOx 
and particulate matter emissions 
4.50% m/m prior to 1 January 2012 1.50% m/m prior to 1 July 2010 
3.50% m/m on and after 1 January 2012 1.00% m/m on and after 1 July 2010 
0.50% m/m on and after 1 January 2020* 0.10% m/m on and after 1 January 2015 
*  Depending on the outcome of a review to be concluded in 2018, as to the 
availability of the required fuel oil, this date may be delayed until 1 January 2025 
(www.imo.org). 
Ships that operate on different kinds of fuel, both within or outside an ECA, must change to 
an ECA compliant fuel, prior to entering the ECA. The change over from an ECA compliant 
fuel back to the ships regular fuel is done after the ship has left the ECA. The written change-
over procedures, as to how the changeover is to be undertaken, must be available onboard.   
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1.3 Research on Ship Emission in Australia 
Ships have been a major mode of transport operating in Australia for trade purposes and the 
general movement of goods for decades. All six state capitals, including Darwin, Brisbane, 
Sydney, Melbourne, Hobart and Perth, are major port cities. During the 2008-2009 fiscal 
year, 753 Mt of exports, worth  $202 billion were transported via Australian ports 
(Goldsworthy & Galbally, 2011). This figure increased significantly during the 2010-2011 
fiscal year to over 942 Mt, representing over 25% growth during the two fiscal years 
(http://www.portsaustralia.com.au/tradestats/?id=1&period=11, 2012). 
During the 2010-2011 fiscal year Australian port cities were visited by more than 28,200 
large vessels, with the three largest ports being the Port of Melbourne, Port of Brisbane, and 
Dampier Port in Western Australia. Overall, Queensland was the most visited state, with 
7219 calls, followed by Western Australia with 6,643 calls and NSW by 4884 calls.  
Despite the large number of ship calls in Australia annually, there is a lack of research focus-
ing on the effect of ship emissions in Australian ports, or their surrounding areas, to assess 
the effect of emissions on the land environments, as well as on human health in the urban ar-
eas and coastal regions surrounding major port cities. Previous studies on ship emissions 
were mostly limited to port inventories, such as  the review conducted by Goldsworthy et al. 
(2011), and the report compiled by Macintosh (2007). Ship emissions in Australia are also 
less regulated than in other parts of the world, with most regulations implemented by Austral-
ian Government were adopted from other countries, such as United States, as opposed to be-
ing based on self assessments/studies. Therefore, the adopted international regulations may 
not be suitable for Australia, due to different climatic and topographic conditions which may 
influence the way aerosols are transported and modified. In addition, about 20% of domestic 
Australian shipping was carried out by foreign vessels (Macintosh, 2007), as defined by regu-
lations which classify international freight based on the flag and nationality of the carrier ves-
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sels. This leads to underestimation of the ship emissions from Australian shipping activities. 
To date, there are only limited research and regulations which have addressed the issues, such 
as the effect of ship emissions to the environment (i.e. the greenhouse effect, radiactive forc-
ing, climate change etc), and human health. No known novel quantitative scientific research 
has been conducted and published in relation to ship emission in Australia, despite the large 
number of ships visiting Australia in any given year.  
With regard to current ship emission controls in Australia, the country is years behind other 
countries in terms of the limited action taken by Australian environmental agencies (com-
pared to environmental agencies in other countries, such as the US-EPA), as well as our lim-
ited adoption of control plans as proposed by IMO. One clear example is that, despite its 
many busy port cities, there are no ECA’s within the Australian territory. In addition to the 
above, there is also lack of research in Australia in relation to understanding and controlling 
ship emissions, compared to many other countries, especially those in Northern America and 
Northern Europe.  
Considering the above, on a practical level, it is both important and urgent for air quality ex-
perts to carry out research on ship emissions, especially in terms of the impacts of large ships 
operating on diesel fuels. At the same time, the government needs to implement the regula-
tions from IMO, and bring them into practice. The establishment of one or more ECA’s may 
also be necessary for Australia in the coming years. 
One important aspect of air quality study is the investigation of ultrafine particles which ac-
company the emissions from various diesel fuelled engines. Studying the properties of these 
particles is key to understanding their impact on human health and the environment.  
In regards to health effects, ultrafine particles have been the subject of numerous studies, due 
to the tendency of smaller particles to deposit deep in the lung, leading to adverse inflamma-
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tory responses (Gilmour et al., 2004; Kennedy, 2007; Warheit et al., 2008). Franck et al. 
(2011) and Chio and Liao (2008) have demonstrated the particle size dependant effects of 
ultrafine particles on children’s respiratory systems, following indoor aerosol exposure. Nu-
merous studies have also related ultrafine particles generated by combustion engines to hu-
man health effects (Englert, 2004; Martuzevicius et al., 2008; Morawska et al., 2008; 
Polichetti et al., 2009). Heal et al. (2012) has recently published a comprehensive review re-
lating exposure to ultrafine particles and adverse human health effects. 
The effects of ultrafine particles on the environment can be observed, for instance, through 
the role of ultrafine particles in determining climate characteristics, such as the contribution 
to cloud condensation nuclei (CCN) for cloud droplet formation. The introduction of large 
numbers of hygroscopic CCN into the marine environment, where such nuclei are relatively 
rare, for instance, can have dramatic effects on the cloud formation processes in that envi-
ronment (Andreae & Rosenfeld, 2008; Durkee et al., 2000; Kulmala & Kerminen, 2008; 
Targino et al., 2007). (Andreae & Rosenfeld, 2008; Durkee, et al., 2000; Kulmala & 
Kerminen, 2008; Targino, et al., 2007). In the remote marine environment, ultrafine particles 
from ship emissions influence the planetary albedo, through either direct or indirect effects. 
Direct effects include light scattering and absorption by the particles themselves, while indi-
rect effects can be modification of the reflectivity of low altitude maritime stratus clouds. 
(Ferek et al., 1998; Peng et al., 2002). The effects of ship emission on climate were  studied 
by Capaldo et al. (1999) and also by Lauer et al. (2007), whose results indicated that ship 
emissions contribute significantly to anthropogenic perturbation of the Earth’s radiation 
budget. Ultrafine particles from shipping are therefore of considerable interest in climate 
modelling, and the global quantification of these emissions (both in terms of total particle 
number and as a function of particle size) is an important goal for improving our understand-
ing of the anthropogenic influences on climate. 
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The above mentioned impacts of ultrafine particles highlight the importance of addressing 
various gaps in knowledge in relation to our understanding of ultrafine particle properties, 
including parameters such as their size distribution and emission factors, which are also key 
to understanding particle formation processes, such as nucleation. 
To address this gap in knowledge, this study has been carried out in the Port of Brisbane and 
its surrounding areas, in order to investigate, quantify, and charaterise, the properties of the 
ultrafine particles, especially those which are emitted from diesel engines used on the ships. 
The detailed aims of this study are presented in Chapter 2 of this thesis. 
1.4 Summary 
Although the number of ships worldwide is relatively small compared to the number of vehi-
cles (land transport) or planes (air transport), ships are still a significant pollution source due 
to their large engine capacities.  
The demand for bunker fuel is predicted to reach an estimated 500 million tonnes per year 
2020 up from the current figure of about 380 million tonnes. As a result of this growth in fuel 
consumption, the impact of ship emissions on the world’s oceans and port cities is also likely 
to increase. 
The highest level of maritime authority, the IMO, adopted protocols from the International 
Convention on Prevention of Pollution from Ships (MARPOL) to regulate ship emissions. 
The IMO also updates these protocols from time to time through the publication of Annexes, 
following advances in engine technologies.   
In an effort to control ship emissions, the US and Canada pioneered the establishment of 
Emission Controlled Areas (ECA). When entering an ECA, a ship must change the fuel it us-
es to an ECA compliant fuel, with stringent NOx and sulfur requirements. The distance of the 
ECA from the coast is normally taken as 200 nautical miles.  
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Despite the importance of ship emissions as a pollution source, research in this area, especial-
ly in terms of ultrafine particles, is still limited. As a result, many of the characteristics and 
determinants of ship emissions are not well understood. These gaps in knowledge are espe-
cially apparent in Australia, given the limited amount of the novel ship emission research 
conducted to date. 
1.5 Structures of the Thesis 
This PhD project comprised of three smaller projects, each of which contributed to achieving 
the overall aims of this project. The smaller projects can be described as follows:  
1. Project 1 investigated ship emissions based on measurements conducted on board two 
dredgers, the Amity and the Brisbane, using the PCAS developed for this work.    
2. Project 2 investigated train emissions based on measurements conducted beside the rail-
way line at the entrance to the Port of Brisbane, on Fisherman Island. The train emission 
measurements were used to represent the typical land based transport modes operating in 
the surrounding areas of the Port of Brisbane. 
3. Project 3 investigated the spatial and temporal distribution of ship emissions, particularly 
in relation to the use of specific chemicals as tracers for ship emissions. 
This thesis contains eight chapters, which can be summarised as follows: 
- Chapter 1 provides an introduction to the field of research (i.e. ship emissions), including 
background information on the existing problems, rules and regulations in relation to 
ship emissions. 
- Chapter 2 contains a literature review related to previous work on ship emissions, and in-
cludes the identification of gaps of knowledge, as well as the formulation of research 
aims and objectives, and contributions to the body of knowledge. 
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- Chapter 3 describes the methodology used in the project, including the overall research 
design, field work campaigns, and data acquisition and analysis. 
- Chapter 4 contains results from Project 1, which is structured to suit publication in a peer 
reviewed journal, and is referred to as Publication 1. 
- Chapter 5 contains result from Project 2, which is structured to suit publication in a peer 
reviewed journal, and is referred to as Publication 2. 
- Chapter 6 contains result from Project 3, which is structured to suit publication in a peer 
reviewed journal, and is referred to as Publication 3. 
- Chapter 7 contains general discussions and concluding remarks in relation to all of the 
results obtained in this work, together with a summary of the findings and suggestions 
for future work. 
- Chapter 8 contains all of the necessary complementary material, most of which is con-
tained in tables, which was not suitable for inclusion in the main chapters of this thesis. 
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2 Literature Review and Thesis Outline   
2.1 Introduction 
Recent advancements in aerosol science have made it possible to link scientific findings to 
real world outcomes, particularly in relation to the environment and/or human health. Today, 
the basic principles of aerosol science have practical uses in a large number of fields, with an 
enormous number of instruments available on the market for detecting, observing, acquiring 
and analysing aerosol data. Computer software related to aerosol research has also been de-
veloped, either for supporting instrument operational procedures and/or for data analyses. 
The following literature review examines the various aspects of aerosol science relevant to 
the current research project. Following an explanation of the basic knowledge required to un-
dertake this research project, such as theoretical principles, measurement techniques etc., this 
review will examine current research progress from all over the world, and then outline the 
gaps in knowledge which this work aims to address. 
2.2 Basic Concepts  
In general, the term 'aerosol' refers to, or, is defined as, an assembly of liquid or solid parti-
cles which are suspended in a gaseous medium, usually air, for long enough, so that they can 
be observed or measured (Baron & Willeke, 2001; Vincent, 2007). Aerosol particles, also 
referred to as particulate matters, can exist as primary particles, or secondary particles. A 
primary particle is a particle which is introduced to the air in solid or liquid form from its 
original source, while secondary particles are formed through the conversion/reaction of gas-
es introduced to the air. 
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Physical forms of aerosol particles are not geometrically regular, and can often vary in shape, 
size and density. It is, therefore, necessary to define these parameters, in order to accurately 
predict the dynamics of measured particles. The equivalent diameter, for instance, is defined 
such as to describe how the aerosol particles react to external force(s). It is defined as the di-
ameter of a sphere of unit density, which reacts to gravity in a similar manner to that of the 
particle, which is indicated by both entities having the same settling velocity.  
When describing the dynamics of aerosol particles, for which the internal structure of the par-
ticle is an important factor, another definition of diameter may be used, that is the mass 
equivalent diameter. The mass equivalent diameter is defined as the diameter of a sphere, 
without voids, which has the same response pattern to a specific external force(s) as the aero-
sol particle in question.   
A cloud of aerosol particles is understood to contain wide range of diameters, from a few na-
nometers up to hundreds of micrometers. A cluster of aerosol particles with similar diameters 
is referred to as a monodispersed aerosol, while a cluster with particles of various diameters 
is referred to as polydispersed. In reality, monodispersed aerosols are hardly found outside 
laboratory environments. 
In estimating the size of aerosol particles, measurement is commonly conducted on a group 
of particles, for which statistical methods and concepts are applied. In general, aerosol size 
measurements are given in terms of their mean (average), median (Kurniawan & Schmidt-
Ott, 2006) or mode (the size of the majority of the particles), together with the arithmetic 
standard deviation. A typical plot of particle size distribution, that is the relationship between 
particle concentration and particle diameter, is lognormal, which means that if the plot is ex-
pressed on a logarithmic scale, it appears as a Gaussian normal distribution (bell shape plot). 
Harris et al. (2002) indicated that the log-normal property of an aerosol size distribution is 
due to the fact that, apart from  coagulation, the aerosol particles also undergo fragmentation, 
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so that there is a balance between both increases and decreases in particle size (aerodynamic 
diameter).    
Some important parameters associated with the lognormal distribution, can be explained by 
the following equations (Baron & Willeke, 2001; Vincent, 2007). 
The particle number distribution, which relates the size and number of particles within a cer-
tain size range, is given by:  
 
2
2
(ln ln )
exp ln
2(ln )2 ln
p
p
gg
d DNdN d d 
      
 (1) 
In Eq. (1), N is particle number, pd  is the particle diameter,  D  is the count median diameter, 
and g  is the geometric standard deviation, which is given by the following equation: 
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where dn  is the elemental particle number. The g  can also be found using another equation, 
which gives a quantitative definition of the geometrical standard deviation, that is: 
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where 84%d  and 16%d  are the diameter of particles that include 84% and 16% of all particles 
with a diameter from zero to the targeted diameter, respectively. For monodispersed aerosols, 
the geometric standard deviation, g , is 1, while for a typical polydispersed aerosol, the val-
ue ranges between 2 and 3 (Vincent, 2007). The geometric mean diameter, gd ,  is defined by 
the equation: 
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where the count median diameter, D , for a lognormal distribution is equal to gd . The diame-
ter corresponding to the peak of the lognormal distribution is called the mode diameter, 
which is given by the equation: 
 2mode exp (ln )gd D   (5) 
In general, the data obtained from aerosol measurements is log-normally distributed, and the 
distribution is completely characterised by mode diameter, geometric standard deviation and 
total mass (Baron & Willeke, 2001; Harris & Maricq, 2001). 
It is worth noting that the log-normal distribution has properties that, if the particle number 
size distribution is log-normal, then the surface and volume distribution are also log-normal 
(Baron & Willeke, 2001). 
Particle size is one of the most important parameters in aerosol research, because it deter-
mines the potential impact of the particles on human health, including respiratory problems, 
reductions in visibility and surface deposition. It is, therefore, of vital importance to deter-
mine the particle size distribution of measured aerosols, in order to establish the possible en-
vironmental and health effects of the aerosol. 
According to a model, firstly proposed by Whitby in 1978 (known as Whitby Model) (Baron 
& Willeke, 2001; Whitby, Kenneth T., 1978), an atmospheric ambient aerosol is associated 
with three size modes, each of which has a log-normal distribution form. The first, and the 
smallest of these, is the nuclei mode, which is a mode dominated by aerosol particles of di-
ameter ranging from 0.005 to 0.1 µm. The nuclei mode contains the most particles (largest 
particle number), but it constitutes the smallest part of total particle mass, and is only of sig-
nificance near the source which emits the particles. This is because nuclei mode particles are 
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mostly volatile and reactive. The second largest mode, being the accumulation mode, has a 
size range from 0.01 to 2 μm, of higher mass concentration than the nuclei mode. This mode 
is dominated by solid particles, mostly soot, which originate from combustion processes. The 
chemical species such as NOx, SOx and carbonate compounds (Baron & Willeke, 2001; 
Brown et al., 2001; Chio & Liao, 2008; Vincent, 2007) are also of concern because they 
could react to produce particles of the accumulation mode, and hence pose a significant risk 
to human health.  
The largest and final mode is the coarse mode, which is assigned to those particles having a 
diameter in the range from 2.5 to 10 μm. By conducting measurements using an optical coun-
ter, Whitby and Sverdrup (1980) reported that coarse mode particles had an average diameter 
of (6.3±2.3) µm, while particles of a larger diameter, called giant coarse mode particles, with 
an average diameter ranging from 16 to 30 µm, were also  reported (Baron & Willeke, 2001). 
Coarse mode particles are also observed in sea aerosols, where they are commonly referred to 
as coarse ion mode particles. Many of the particles in this mode are actually large molecules 
of sea salt (sodium), and are reported to have an average diameter of 4.4 μm. Examples of 
coarse ion mode particles are NaNO3 and NaCl. 
John et al. (1990) reported the existence of another fine particle mode, termed the droplet 
mode. Particles belonging to this mode were observed to grow from nucleation mode parti-
cles, particles which formed due to condensation, following the addition of water and sulfate. 
Their average diameter was (0.7±0.2) μm, with individual diameters ranging from 0.1 to 1 
μm. In this mode, it was also observed by John et al., that the particles were internally mixed 
with the sulfate. Given the similar size of the particles observed by Whitby et al. and the 
droplet mode particles observed by John et al., they suggested that the droplet mode was ac-
tually derived from the same accumulation mode previously observed by Whitby et al. A 
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similar conclusion was also drawn by Hering et al. (1997), who reported that the condensa-
tion and droplet modes originate from the same accumulation mode. 
2.2.1 Processes Involving Aerosol Particles 
Aerosols are not naturally stable, and they undergo changes due to various causes, such as: 
condensational growth, coagulation, and deposition, which mostly influences larger sized 
particles; and chemical reactions or physical processes, which cause its constituents to change 
their physical and/or chemical properties. Such changes, for instance, also may cause a 
change in the size distribution of the aerosol particles.   
As explained earlier, aerosol particles are known to consist of two groups of particles, being 
primary and secondary in nature. Primary particles are those particles which are originally 
emitted by aerosol source, while the secondary particles are those particles which are resulted 
from chemical reaction, or particle formations (include coagulation, nucleation, condensation 
etc.), and are dependent on the interaction between two or more particles. On the other hand, 
evaporation is the opposite process to condensation, but is governed by similar physical and 
chemical processes which determine the condensation. Similarly, chemical reactions may not 
cause particle growth, but they can cause changes in the chemical composition of the parti-
cles. These intermediate processes are discussed in more detail in the following sections. 
2.2.1.1 Condensation 
Condensation is basically the growth of any aerosol droplet/particle due to the accumulation 
of vapour on its surface. One parameter which influences the way condensation occurs is the 
mean free path, λ, which is defined as the average distance of two successive collisions expe-
rienced by a particle. When a droplet diameter is less than its mean free path, then the growth 
rate of the droplet diameter is given by (Baron & Willeke, 2001):  
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where constant C  is the condensation coefficient, which describes the ratio of the sticking 
molecules to the incoming ones. Its value is about 0.04. P is the partial pressure of vapour in 
the droplet environment, while Pd is the partial pressure of the vapour on its surface. The rest 
of the variables and/or constants are as they are usually described in the kinetic theory of gas, 
that is, R is the gas constant (8.31 J (mole-K)-1), T is temperature expressed in Kelvin, and M 
is molecular weight of the droplet. On the other hand, when the droplet diameter exceeds the 
mean free path, then the droplet growth rate is given by 
 
( ) 4p v d
p p d
d d D M PP
dt d R T T



      (7) 
where vD  is the vapour diffusion coefficient, whose value is about 5 2 12.4 10 m s   for water 
vapour at 20o C. The indexes on T (temperature) are as follows: the ∞ refers to distance from 
the droplet, while d refers to the surface of the droplet. The φ is Fuchs correction factor, 
which is given by:  
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The saturation ratio needed to calculate droplet mass equilibrium, where there is no net con-
densation or evaporation, is given by the Kelvin equation: 
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where pd  is droplet diameter. When rapid condensation occurs, for which 1.044RS  , the 
temperature at the droplet surface will be greater than that of its surrounds. Hinds (1999) (al-
so see Hinds at Chapter 5 of (Baron & Willeke, 2001)) estimated that the temperature of a 
droplets surface is given by:  
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When the initial diameter of a droplet, 1d , is larger than the λ, then the time for growth from 
1d  into 2d  is given by: 
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Derivation of the above equations for condensation, with a practical orientation towards at-
mospheric aerosols, was done by Kerminen et al. (1995), using sulfur acid as the source of 
driving forces for particle growth, and with accumulation mode particles as the dominant 
condensation medium. Similar work to that of Kerminen et al., but with more rigorous math-
ematical formulations, was done by Clement et al. (1999). 
2.2.1.2 Nucleation  
Nucleation is a process of droplet formation from vapour. There are two kinds of nucleation, 
which are the homogeneous and the heterogeneous nucleations. Homogeneous nucleation 
occurs when vapour molecules form droplets by themselves, without an initial nucleus or ex-
isting aerosol surface on which to condense (Baron & Willeke, 2001; Curtius, 2006). For this 
nucleation to occur, a large saturation ratio is required, in the range of 2 to 10, which normal-
ly is designed to occur in a laboratory environment (Baron & Willeke, 2001). Heterogeneous 
nucleation, on other hand, occurs more commonly and more naturally. This process of droplet 
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formation relies on the presence of an initial nucleus, a role usually played by submicrometer 
particles. This process is also called nuclei condensation. 
Basic nucleation theory, as it is presented in an aerosol theory review by Curtius (2006), was 
derived based on thermodynamic potential (i.e. Gibbs free energy). In principle, if a closed 
system has a constant temperature (isothermal) and pressure (isobar), then the system is said 
to be in a thermodynamic equilibrium if the Gibbs free energy is at a minimum.  
For a single substance with a vapour pressure P , which is supersaturated in a gas phase with 
pressure P , the Gibbs free energy change as function of nucleating particle’s diameter, pR , 
is given through equation (Curtius, 2006): 
 3 2
4 ln 4
3 p pl
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v
       (12) 
where PS
P
  is the supersaturated ratio, k is Boltzmann constant, pR  is the radius of the 
nucleating particle, T is temperature, ݒ݈ is molecular volume of the particle, and   is the 
surface tension. For a supersaturated gas, S is always greater than l, and therefore, the first 
term in the above equation is negative, and the Gibbs energy manisfests itself into a force that 
causes condensation to occur, and hence the particle radius to grow.     
During particle build up, there is competition between the Gibbs free energy and surface 
energy. When the pR  is small, surface energy, the second term in Eq. (12), is larger than the 
Gibbs free energy, so that there is a barrier energy which prevents the nucleation process 
from occurring. At some critical value of pR , both energies are the same, and nucleation 
starts to occur, after which the formed particle increases in size due to condensation. 
However, most of the clusters are not energetic enough to nucleate, and, instead, they 
evaporate, and do not form particles. 
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The nucleation barrier energy is given by equation: 
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which is known as the Kelvin equation. The *pR  in Eq. (13) is the droplet radius at critical 
Gibbs free energy, *G . The nucleation rate, that is the number of particles formed every 
second, is given by: 
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where C is a constant. The value of constant C  is dependent on the collision rate and 
concentration of the molecules, and is given by (Enghoff & Svensmark, 2008): 
 *2 *4 pC R N   (15) 
where   is the molecular collision rate and *N  is molecular concentration. 
2.2.1.3 Coagulation 
Coagulation is the process of droplet growth as a result of the collision of aerosol particles, 
after which the colliding particles are combined into a larger particle. Similar collision may 
occur again and again, as long as conditions allow, to result in a larger and larger particle. 
The collision could occur because of internal or external forces. If it is caused by a Brownian 
force, the coagulation is referred to as thermal coagulation, or Brownian coagulation. On the 
other hand, if the collision is caused by external forces, the coagulation is referred as kinetic 
coagulation. The main difference between coagulation and condensation is that, in terms of 
coagulation, it is other particles that diffuse onto a particles surface, so that the size of the 
particle becomes larger. As a consequence of coagulation, the particle number concentration 
of an aerosol also decreases. 
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When the aerosol sample is monodispersed, the coagulation is simply called monodispersed 
coagulation, or Smoluchowski coagulation, after the name of the person who developed the 
theory. In this kind of coagulation, the aerosol particles stick to one another at a slow pace, 
such that the overall process has a low diffusion coefficient. This condition is valid, or, ap-
propriately assumed to be valid, for aerosols which diffuse slowly, with a low diffusion coef-
ficient. 
For simple monodispersed coagulation, the rate of decrease in aerosol particle number con-
centration  is given by (Hinds, 1999): 
 2
dN KN
dt
   (16) 
In Eq. (16), N is particle number concentration and K is the diffusion coefficient. The equa-
tion for K , when the diameter of the particles is larger than the mean free path, is given by:   
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where D is the particle diffusion coefficient, expressed in m2 s-1 (the same as for vapour men-
tioned previously above), η is gas viscosity, expressed in Pa s, k is the Boltzmann constant, 
23 -11.38 10 JK , T  is temperature, expressed in kelvin (K), and ܥ௖ is the slip correction fac-
tor.  The slip correction factor is given by (Baron & Willeke, 2001): 
 1 [ exp( / )]c n nC K K       (18) 
 In the Eq. (18), nK  is the Knudsen number, defined as the ratio of the particle mean free 
path to its radius, that is, /n pK R . The constants  ,  , and   are determined empirical-
ly, and are dependent on the properties of the particles in question. Examples of their values, 
given by Allen and Raabe (1985), are 1.142  , 0.440  , and  0.999   (Baron & 
Willeke, 2001) 
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The particle number concentration, as function of time, can be found by integrating Eq. (16) 
with regard to time, which gives: 
 0
0
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   (19) 
where ଴ܰ is initial (at 0t  ) particle number concentration. With typical values for which
1
0 500N K s
 (i.e., 180 10N   particle m-3, and ܭ ൌ 5 ൈ 10ିଵସm2 s-1), and expressed in the 
unit ଴ܰ, an example for particle concentration as function of time is given in Figure 2-1. 
                      
Figure 2-1. Particle concentration as function of time, using the following values: 
14 2 -15 10 m sK    and 180 10N  particle m-3. 
Figure 2-1 shows that, in theory, particle concentration decreases exponentially as function of 
time. Kim et al. (2003) extended their analysis by taking into account the diffusive wall loss. 
From this work, they found that the particle deposition coefficient decreased steadily for par-
ticle diameters ranging from 25 to 100 nm, and it stopped decreasing for particle diameters 
above 100 nm. It was also observed that the particle number concentration was decreasing 
somewhat linearly, not exponentially, which might be due to the inclusion of the wall loss 
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parameter in the calculation. Coagulation processes were shown to be more dominant than 
deposition by diffusion, especially for particle number concentrations larger than 6 310 cm . 
Just as particle number concentration as function of time, ( )N t , is given by Eq. (19), the di-
ameter of the particle, as function of time, is given by: 
 1/30 0( ) (1 )d t d N Kt   (20) 
The growth of diameter can be shown as in the graph in Figure 2-2, by assuming several ini-
tial particle concentrations, as shown, and 14 2 -15 10 m sK   . 
                             
Figure 2-2 Particle diameter growth as function of time (in seconds), using the 
following values: 14 2 -15 10 m sK    and 0N = 1810 and 1610  particle m-3. 
Naturally, the polydispersed coagulation is more complicated, than the monodispersed co-
agulation. However, as an approximation, the formula for monodispersed coagulation can 
be used for polydispersed aerosols, provided that the diffusion coefficient, K , is replaced 
by the following formula (Baron & Willeke, 2001): 
 2 2 2
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N0=1016 m-3 
N0=1018 m-3 
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The formula for K  was originally derived for the coagulation of aerosols with log-normal 
distribution, having a count median diameter D  and geometric standard deviation g . It can 
be used in Eq. (16) for cases where there is a modest change in particle size. 
Another type of coagulation is kinetic coagulation, which occurs as a result of external forces 
which trigger relative motion amongst particles other than Brownian motion. This type of 
coagulation is influenced by particle number concentration. It consists of several subgroups 
of coagulation, related to the different types of relative motion of the particles, such as: shear 
coagulation, which is due to the existence of flow velocity gradient; turbulent coagulation, 
which is due to the existence of the velocity gradient within a turbulence; and acoustic 
coagulation, that is when the relative motion created by using mechanical sound waves.
 
2.2.1.4 Reaction 
According to Hinds (see Baron et al. (2001)), there are three types of reactions that cause 
aerosol particles to undergo change. The first reaction occurs between the molecules or 
compounds within a particle and is controlled by chemical kinetics. The second type of 
reaction occurs between particles of different chemical compositions, and is governed by the 
arrival rate of other particles, through coagulation processes. The third type of reaction occurs 
between a particle and the chemical gas species surrounding the particle, and is controlled by 
the rate of the gas arrival on the particle surface. 
For the third type of reaction, otherwise known as a 'diffusion controlled reaction', the rate of 
reaction for conditions in which the particle diameter is larger than the mean free path, is 
given by: 
 
2 p v
R
d D P
R
kT
  (22) 
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Adsorption is a kind of diffusion controlled reaction where gas molecules are dissolved into a 
liquid droplet. The reaction continues until the solubility of the gas into liquid reaches its lim-
it. This reaction is a manifestation of the arrival of gas molecules onto a solid particle surface, 
otherwise known as physical adsorption. Physical adsorption occurs due to the presence of 
van der Walls force, which holds gas molecules on the particle surface. This kind of adsorp-
tion, also called physisorption, is, in principle, the process of condensation. Another type of 
adsorption is chemisorption, where gas deposition on the particle surface is due to molecular 
bonding. 
2.2.2 Summary 
Basic concepts of the aerosol science have been developed well and available to be imple-
mented. Aerosol is known to be commonly polydispersed, to be opposed to monodispersed, 
which lead the parameters involved in its measurement have standard forms. Size distribution 
has a Gaussian normal distribution when expressed in log scale, so referred to as lognormal 
distribution. Various statistical concepts are also associated with aerosol basic theory, such as 
geometrical standard deviation, geometrical mean diameter, and also count median diameter 
(CMD).   Processes involved in the aerosol dynamics have been developed, and manifested 
into intermediate processes such as condensation, nucleation, coagulation, and reaction. 
2.3 Research in Aerosol Science 
In general, aerosol research consists of three main parts, i.e., sampling the aerosol, transport-
ing the sample to the analysis system, and analyses of the resulting data. The equipment used 
to sample aerosols, therefore, also consists of three main parts: sample inlets, used to send 
sample into storage or analysis system; the sample transport system; and the sample storage 
system, for samples which cannot be analysed directly.  
Ideally, particle characteristics, such as mass and number concentrations, and size distribu-
tion, should not undergo any change during transportation, so that the analytical results repre-
36 
 
sent the true condition of particles in their original environment. However, it is practically not 
possible to achieve such a condition. Particle loss and changes in aerosol characteristics al-
ways occur, due to various factors, such as gravity, diffusion, electrostatic energy, chemical 
reactions etc. Therefore, a measurement system should always be designed with the ability to 
assess the losses or changes occurring within the aerosol samples. 
The parameters investigated during aerosol research may vary, depending on the research ob-
jectives. However, some of the most common investigated parameters include particle num-
ber size distribution, particle number concentration, and the concentrations of some chemical 
compounds, like NOx, SOx and CO2. Another important parameter is particle emission fac-
tors.  
2.3.1 Measurement Techniques  
The measurement of aerosols can be conducted by employing simple methods and equip-
ment, but may also involve the use of more sophisticated and complicated systems. Due to 
the enormously wide range of aerosol sizes, there is no single piece of equipment known, that 
is capable of measuring all aerosol particles, and, therefore, most aerosol measurements re-
quire the use of a combination of various instruments.  
In general, measurement techniques for data acquisition in aerosol research are grouped into 
two categories. The first technique is used for “collection and analysis”, and the second is 
based on the “direct reading sensor” technique. Both techniques will be discussed further be-
low. However, more emphasis will be given to the direct reading sensor technique, due to its 
relevance to the current research project. 
2.3.1.1 The Collection and Analysis Technique  
The collection and analysis technique is a simple, flexible and cheap technique used to per-
form aerosol measurements with a significantly high measurement quality, and offers either 
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quantitative or qualitative data. However, this technique is fairly time consuming and requires 
the use of various types of filters, depending on the parameters and/or particle sizes which are 
to be measured.   
Some filtering instruments are also equipped with additional devices, such as cyclones or im-
pactors, to create initial particle segregation. The cyclone is used to create a centrifugal ef-
fect, so that the larger particles can be deposited on certain surfaces due to centrifugal accel-
eration. The impactors cause particles to undergo an abrupt change in their direction of mo-
tion, so that the larger particles can be deposited onto a targeted surface. Particles collected 
using this method can be analysed many different ways. An example of the analysis of parti-
cles deposited on filter is the work conducted by Vanderpool et al. (2008), where they used a 
federal reference method (FRM) filter to collect particles and energy dispersive x-ray fluores-
cence (EDXRF) to qualitatively and quantitatively analyse the filter deposited particles..  
2.3.1.2 The Direct Reading Sensor Technique  
This technique usually uses more sophisticated equipment, is more expensive, and is far less 
time consuming, while at the same time allowing several different measurements to be con-
ducted at a time. There are several approaches/methods used for measurements in this catego-
ry (Baron & Willeke, 2001). The first method is the measurement of collected particles, 
which is conducted by depositing particles on the vibrating surface of a piezoelectric crystal, 
and using vibrational resonant frequency change to determine the particle mass, known as 
tapered element oscillating microbalance (TEOM). The second method uses beta scattering, 
that is, by projecting beta particles on the targeted mass, the amount of mass can be deter-
mined from the amount of beta ray that is scattered. The third method uses electrical charge 
to measure the concentration of particles in the individual stages of cascade impactors, a 
method that is referred as ELPI (Electric Low Pressure Impactor) and is outlined in work 
conducted by Demokritou et al. (2004) . 
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Other parameters, such as the surface characteristics of particles and/or an individual airborne 
particle, can also be measured using the direct reading approach. Methods such as ELPI, can 
be used for surface measurements, where aerosol particles are exposed to an ion field, instead 
of a single electrical charge. The mass and particle numbers of targeted particles can then be 
determined based on the ion electric charges which are collected by the instrument.  Another 
instrument which is based on a similar principle to the ELPI is the epiphaniometer. In this 
device, the aerosol particles are not exposed to an ion field or electric charge, but to the radi-
oactive gas, which decays, diffuses and deposits onto the particle surface. By measuring how 
much radiation is detected on the particles surface, the surface area of the particles can be de-
termined. Measurement using this device involves the use of a radioactive source, like 207Pb, 
in its gaseous phase, into which aerosol particles are diffused (Meng & Seinfeld, 1996). 
Another measurement method is to use short wavelength light to produce electron emissions 
from the surface of aerosol particles. The amount of electrical charge detected depends on, 
and is a function of, the amount of surface area, and therefore, by detecting electric charge 
released by the surface, the surface area can be determined.  
Measurement of a single aerosol particle is also possible using instruments such as the optical 
particle counter (OPC) sensor. In this measurement method, the targeted particle is illuminat-
ed by, either white light, a laser, or other monochromatic light, and the scattered light is 
measured from various angles, from which the size of the particle can be determined. This 
method is also used to determine the total concentration of particles.  
Of special interest with regard to the direct reading sensor technique is the use of equipment 
for the determination of particle size distribution. For example, the Condensation Particle 
Counter (CPC) can be used to measure total particle number concentration of some of the 
smallest particles, ranging from a few nanometers (that is in the ultrafine region) up to several 
micrometers.  
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The measurement of ultrafine particles requires the use of highly specialised equipment, be-
cause their small size prevents efficient detection by direct optical means. Therefore, to per-
mit optical detection, the particles must first be enlarged. One of the methods for measuring 
ultrafine particles employs the diffusion and condensation techniques. In principle, this is 
done by saturating, or supersaturating, the atmosphere where the targeted particles exist, with 
water, or butanol, vapour, such that the environment becomes saturated, or supersaturated, 
and condensation occurs. Due to their growth, the particles can subsequently be detected by 
using an instrument intended for measuring larger sized particles. The CPC was developed 
based on this principle. 
Within the CPC, an aerosol is saturated/supersaturated using water vapour, or alcohol (etha-
nol etc) vapour, so that submicrometer particles will grow in size (as a result of condensation) 
and become droplets that can be detected by the instrument. The condensation fluid (water or 
alcohol) has to have a vapour pressure high enough so that it will cause the particle to grow 
rapidly (in 0.1 to 0.3 second) to a detectable size of about 10 μm, but low enough so that the 
fluid does not constitute a large fraction of the flowing gas. For example, the growth could 
range from 100 to 1000 times the initial size of the particle, so that the original particle clus-
ter constitutes only a small part of the detectable droplet cluster. In this state, the CPC is una-
ble to detect the composition of the targeted particles. In general, the CPC is able to detect 
particles as small as 0.003 μm¸ making it an extraordinarily sensitive device for the detection 
of superfine aerosol particles (Meng & Seinfeld, 1996). 
The growth of droplets resulting from condensation can be explained by the following equa-
tion (Baron & Willeke, 2001):  
   4  φ( )a dp p n
d
PD vdd d K
dt R T T
P      (23) 
40 
 
which is identical to Eq. (7). In Eq. (23), aD  is the diffusion coefficient, v is molar volume, R 
is the ordinary gas constant, P and T are the pressure and temperature of the vapour sur-
rounding the particles, and dP  and dT  are the pressure and temperature at droplet surface, re-
spectively. The Fuchs correction factor, ( )nK , is given by:  
   211 1.71 1.333nn n n
KK
K K
     (24) 
with nK  is the Knutsen number, which is related to the particle mean free path by 
2n pK d . The temperature at the droplet surface is influenced by the condensation latent 
heat, and is given by: 
 ( )dd
v d
LMDT T
k R T T
PP    (25) 
where L is the latent heat of the condensation fluid and vk  is thermal conductivity of the sur-
rounding gas.   
2.3.2 Summary 
Research in aerosol, in general, consists of three main stages, i.e., sampling, transport, and 
analysis. Ideally, aerosol sample should not change during transport from measurement site to 
analysis system. In reality changes happen during the transport. Therefore, measurement sys-
tem should be improved to reduce the change level into a minimal. Parameters measured in 
an aerosol research may vary from other research, depending on the objective of the research.  
However, some of the most common investigated parameters include particle number size 
distribution, particle number concentration, and the concentrations of some chemical com-
pounds, like NOx, SOx, CO2, and black carbon. Another important parameter is particle emis-
sion factors. Measurement techniques in aerosol research classified into two main parts, i.e. , 
the collection and analysis, and the direct sensor reading. The first, while is simple and cheap 
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to operate but is time consuming. The second technique, in general, involves more sophisti-
cated equipment, more expensive, but offer better measurement time and results. 
2.4 Ship Emission Parameters  
Investigations into the particulate matter emitted from ships using two or four stroke diesel 
engines have been conducted on a local or regional scale, as well as on a global scale. While 
global scale investigations are able to provide quantitative information about global ship 
emissions, local or regional scale work usually provides more technical detail and a higher 
resolution, in the sense that they are able to directly investigate many of the important param-
eters of ship emissions.  
As mentioned previously, apart from being less regulated than land-based emissions, ship 
emissions have become one of the most significant potential pollution sources, mainly for 
pollutants such as SOx, NOx and CO2, as well as several particulate matters. As a result, these 
pollutants have become the focus of a large number of research groups from around the world 
(Cooper, 2001; Isakson et al., 2001; Kerminen & Wexler, 1995; Lucialli et al., 2007; Pandis, 
1997).  
The origins of the SOx, NOx, CO and CO2 contained within ship emissions are considered to 
be related to the contents of the ship fuel. The dependency of these species on fuel type and 
engine processes is known to be different for each species. For economical reasons, the fuel 
used for running ships is mostly residual fuel, which is of low quality, with very few ships 
using distillate fuel, which has a lower sulfur content. For example, the sulfur content of the 
marine residual fuels used in Asia is about 3.07%, compared to 0.63 % for distillate fuels 
(Kerminen & Wexler, 1995). 
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One of the most important parameters in assessing the pollution, that is derived from ship 
emissions, is the emission factor, which describes how much (in grams, or in particle num-
ber) of a particular species is emitted for every kg of fuel consumed by an engine.  
Emission factors for the different gases emitted from an engine’s exhaust are dependent on a 
number of factors (Agrawal et al., 2008; Stodolsky, 2002), including fuel type (such as distil-
late, or residual fuels), engine size and engine operating conditions (such as its speed, loads 
etc) (Kesgin & Vardar, 2001; Sinha et al., 2003).  
Current knowledge on the emission factors of various gases can be summarised as follows: 
The fine or distillate fuel, which contains less sulfur per unit volume, gives smaller emission 
factor values for SO2, compared to coarser distillate fuel.  
The emission factor for CO2 depends on the carbon content of the fuel. The emission factor 
for CO has different characteristics when compared to CO2, in that the emission factor of CO 
is dependent on engine power, such that an engine with less power produces a higher emis-
sion factor.  
The emission factor for hydrocarbon is dependent on engine power and the percentage of en-
gine power being used. The lower the percentage of power being used, the higher the emis-
sion factor is.  
The emission factor for NOx is dependent on engine power and the temperature at which the 
engine works. The larger the engine power output, and the higher the temperature at which 
the engine is operating, the larger the emission factor for NOx. 
Despite previous measurement campaigns, the variables that determine the emission factor 
for black carbon are currently unknown (Sinha, et al., 2003).  
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Calculations of the emission factors for gases and particles have been done by several authors 
using the carbon balance method (Dhammapala et al., 2007; Johnson et al., 2008; Stodolsky, 
2002). This calculation assumes that the carbon is emitted by an engine, or other plume 
sources, in the forms of CO2, CO, CH4, non-methane organic compounds (NMOC) and par-
ticulate carbon (PC). The emission factor for any species, X, written as EF(X), is defined as 
the ratio of the excess mass concentration ሾ∆ܺሿ of X, to the excess mass concentration of the 
total carbon ሾ∆ܥሿ	emitted by the source. In a quantitative mathematical formula, this state-
ment is given by: 
             
2 4CO CO CH NMOC PC
X
EF X
C C C C C
           (26) 
As in the formula in Eq. (26), the excess mass concentration is referred to as the excess in the 
plume over its excess in the concentration in the ambient air.  
The characterisation of ship emissions, other than the determination of emission factors, usu-
ally includes the determination of size distributions, particle modes, intermediate formation 
processes (condensation, nucleation and coagulation) and the spatial and temporal distribu-
tion of the particles. Particle number size distribution provides information on how the size 
(usually the aerodynamic diameters) of particles is distributed in relation to the particle num-
ber concentration or particle mass. A graph of particle number concentration also reveals par-
ticle modes, the number of particle types and/or information on the occurrence of any inter-
mediate processes. Spatial distribution reveals how aerosol particles evolve with distance 
away from the source, on which studies of particle growth and further chemical or physical 
processes can be based. Temporal distributions can also reveal how particles react to condi-
tions in their surrounding environment, as well as to other species existing around them. 
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2.4.1 Summary 
Pollution due to ship emission is related to the emission of main pollutants such as SOx, NOx 
and CO2, as well as several particulate matters. The origins of the SOx, NOx, CO and CO2 
contained within ship emissions are the ship fuels. Main parameters of ship emissions are 
emission factor, size distributions, particle modes, and intermediate formation processes 
(condensation, nucleation and coagulation). 
2.5 Review of Previous Relevant Works  
This section provides a review of previously published papers relevant to the objectives of the 
current work, which includes the following aspects of ship diesel engine emissions: emission 
characterisation (emission factor determination, particle size distribution, particle mass distri-
bution, particle modes etc), chemical composition and the parameters affecting emission fac-
tors, and global and regional inventories (details of the objectives of this work will be pre-
sented in the section 2.6.2). The following review is organised accordingly. 
2.5.1 Ship Emission Characterisation  
Numerous researchers have investigated ship emission parameters, such as particle num-
ber/mass concentration, size distributions, and the concentration of various important chemi-
cal compounds, such as NOx, SOx, CO2, vanadium, nickel and various metallic elements. 
Some examples of recent works in this area include Lyyranen et al. (1999), Sinha et al. 
(2003), Lu et al. (2006), de Meyer et al. (2008), Agrawal et al. (2008), and also by Petzold et 
al. (2008). Each of these references will be briefly described below 
Lyyranen et al. (1999), investigated emissions from three ships, two small and one large, 
which used medium speed engines, operating at 750-1000 RPM using heavy fuel oils (HFO) 
and high ash-content heavy fuel oils (HA-HFO), which contained about six times more sulfur 
than the HFO. The experiment was conducted by employing a special dilution probe system, 
which involved the Benner-type Low pressure impactor (BLPI) and an electrical low-
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pressure impactor (ELPI), resulting in dilution factors of 5 to 8. Variables included the as-
signed turbo-charged engine (1, 2 or 3), the type of fuel used, the load carried by the ship and 
the air to fuel ratios. As the base case was measurement from large engine consuming HA-
HFO, and loaded with 50% loads, and which was assumed to emit particles with relative con-
centration number equal to 1. The results showed that, compared to the base case, particle 
mass concentrations were dominated by the small engine using HA-HFO, loaded to 110% of 
its maximum capacity, which produced about 3 times as much. The second largest emission 
concentrations came from the large engine ship, loaded to 110% capacity, which was 2.1 
times that of the base case. These findings were related to the incomplete combustion process 
in the small displacement engines, compared to their larger engine counterparts, which was 
associated with the high carbon and oxygen contents in the large mode (10 µm), of particle 
population. 
The lowest particle mass concentration, which was 0.7 times that of the base case, came from 
the large engine using HA-HFO, loaded to 110% capacity, while the highest concentration 
(2.5 times base case) came from the small engine using HA-HFO and loaded to 110% capaci-
ty, followed by the small engine with 100% load, using HA-HFO, which showed a concentra-
tion of 1.6 times that of the base case. Other findings included the following: (i) there were 
two particle modes, small and large, with aerodynamic diameters of 60-70 nm (small) and 7-
10 µm, respectively; (ii) the fine mode (൑0.4 µm, aerodynamic diameter) included about 
60% of the mass distribution; (iii) the small   mode was dominated by carbon (43% by 
weight) and oxygen (11% by weight), while the large mode was dominated by carbon (42% 
by weight) and oxygen (35% by weight). 
Sinha et al. (2003), reported on in situ research conducted off the shore of Namibia, in the 
South Atlantic Ocean, targeting particles and gases from ship emissions. The instruments 
used were capable of measuring SO2, O3, particles with a diameter between 0.003–3 µm, C2–
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C11 non-methane hydrocarbons and NOx. This work also involved the use of a Fourier Trans-
form Infrared (FTIR) spectrometer for measuring CO2, CO, nitric oxide (NO), nitrogen diox-
ide (NO2), and O3. The emission factors were calculated using the carbon balance method, 
where it was assumed that all carbon was emitted as CO2, CO, CH4, non-methane organic 
compounds (NMOC) and particulate carbon (PC). Comparisons were made with the results 
of a study by Corbett et al. (1999), where: (i) there was good agreement for CO2 and NOx 
emissions; and (ii) Shina et al. (2003) reported a much lower SO2 result than that reported by 
Corbett et al. (1999). However, for some other  results  presented by Shina et al. (2003), there 
were no comparative results from investigations performed by Corbet et al. (1999) particular-
ly in relation to CH4, NMHC (Non Methane Hydrocarbon), black carbon (annually 0.2 Tg yr-
1), CN, CN0.1-3µm ((4.4 – 6.1)x1026 particles (kg-fuel)-1 burnt) and the measurement of cloud 
condensation nuclei (CCN). Instead, the rate of black carbon emission, which was 0.2 Tg yr-1, 
was compared to fossil fuel combustion (6-8 Tg yr-1) and to biomass burning emissions (4.8 
Tg yr-1), and was found to be significantly lower than the quantities emitted by these two 
sources. 
Lu et al. (2006), investigated ship emissions at Slocan Park, which is located about 4km from 
the Vancouver port and 15 km from the open Strait of Georgia. They estimated that marine 
activity around Vancouver was responsible for the emission of 6100 mt of SO2, about 83% of 
which came from ships operating within Canadian waters. The particle number distributions 
reported in this work, which ranged from 5 to 200 nm, were separated according to emissions 
from local ship and non-ship sources. The fresh emission plumes from the ships were identi-
fied by increases in the concentration of SO2, which exceeded 9 ppbv and lasted for several 
hours. The recorded companion particles, which also increased in number, were NOx, NO, 
CO, VOCs, black carbon and PM2.5. Ultrafine (< 100 nm) sulfate was one of the most unique 
features of these ship plumes, which differentiated them from the plumes emitted by local 
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traffic, as well as background concentrations. The sulfate in the emission was considered to 
originate from sulfur in the diesel fuel used by ships, which led to primary sulfate (pSO4) 
emissions, and secondary sulfate formation in the form of SO2. The analysis also showed 
that, while ship emissions led to an order of magnitude increase in SO2, with peak concentra-
tions near 15 ppbv, other potentially harmful pollutants were also detected in the plume, such 
as NO, VOCs and methylated compounds, which were about 5–25 times above background 
levels. Particle mass and number counts were also found to be around 3–5 times higher than 
in the urban background, with the largest increase observed for particles in the 100–200 nm 
range. The nucleation of organic substances and sulfate were responsible for the increase in 
PM2.5. 
De Mayer et al. (2008) conducted a study on the emission of carbon dioxide (CO2), sulfur 
dioxide (Ecotech), and nitrogen oxide (NOx) from international merchant shipping in the 
Belgium Part of North Sea (BPNS), during April 2003 to March 2004. The study included the 
port cities of Antwerp, Ghent, Ostend, and Zeebrugge, for ship activities such as: (1) cruising, 
(2) anchoring, (3) manoeuvring, (4) hauling, and (5) mooring. The targeted vessels were the 
merchant ships travelling on international routes that passed the BPNS, on their way to visit 
and leave those four port cities. The targeted vessels included fishery vessels, dredgers, tug-
boats and other kinds of ships, which were divided into two groups. The emissions from 
Group 1 (which accounted for over 90% of the total fleet) were calculated using activity-
based bottom-up calculations, based on the formula: Emission = (Activity time ൈ Installed 
engine power ൈ Load factor)/(Correction factor ൈ Emission factor). Group 2 used the up-
down approach for estimating dredger and tug-boat (machinery vessels) emissions, based on 
their fuel consumption data. When compared to the Belgian national inventories (Data 2003), 
which were produced based on bunker fuel sales data, the results of this study claimed to ac-
count for 1.5% of total CO2, 30% of total SO2 and 22% of total NOx emissions in Belgium.  
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Comparisons were also made with the results of Eyring et al. (2005), in which de Meyer et al. 
(2008) found that the results for SO2 (0.15%) and NOx (0.11%) were underestimated com-
pared to Belgian’s figures of 0.2% and 0.17%, respectively. 
Agrawal et al. (2008) investigated the use of heavy fuel oil (HFO) meeting the ISO 8217 
2005 standard, which contained 2.05% sulfur, on PanaMax type ship using two stroke main 
engine delivered power of 50,270 kW at 104 RPM, at actual sea operation condition. They 
reported the weighted emission factors for particulate matter to be 1.64 g (kg-fuel)-1 h-1, and 
18.2 g (kg-fuel)-1 h-1 for PM and NOx, respectively, for main engine. The NOx emission at 
reduction speed mode (8% of maximum output power) was 30% higher than when engine 
operated at normal speed, i.e., at 52% of its maximum output power. The particulate matters 
were observed to be dominated by about 80% of sulfate, and about 15% of organic carbon. 
Elements such as vanadium and nickel were also observed in the exhaust emission of the 
ship. Agrawal et al. obtained that 3.7 to 5% of fuel sulfur was converted into sulfate. 
Transformation processes, and the microphysical and chemical properties of particles emitted 
by ship engines in the atmospheric marine boundary layer (MBL) were investigated by 
Petzold  (2008), based on airborne measurements, as well as experiments in a test bed/test rig 
at the MAN B&W company facilities. In order to capture the emission plumes of a moving 
ship across the English channel, a research aircraft was flown perpendicular to the route of 
the ship at an altitude of 300 m, using equipment such as a CPC, Diffusion Screen Separator 
(DSS), DMA, thermodenuder, optical particle counter, forward Scattering Spectrometer 
Probe (FSSP) and Particle Soot Absorption Photometer (PSAP) to capture samples of the 
emissions. The captured samples were grouped into three modes: the nuclei mode (ܦ௉ ൏
0.01	µm), the Aitken mode (0.014 µm < ܦ௉<0.1 µm) and the accumulation mode (0.1 µm< 
ܦ௉<30 µm). For the test bed experiment, particle concentration in the raw exhaust gas was 
151.26 10 m-3.  The removal of volatile particles by a thermodenuder reduced the concentra-
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tion to 144.63 10 m-3 of non-volatile particles. The results showed two strong modes, one 
centred at ܦ௉= 0.015 µm, and the other at ܦ௉= 0.05 µm. No particles with diameters of > 
0.25µm were observed. For the airborne measurements, Petzold et al. (2008) found average 
particle number concentrations of 690 ± 30 cm-3 for Aitken mode, and 150 ± 10 cm-3 for ac-
cumulation mode particles. The non-volatile fraction of the total aerosol was 82 ± 3% for 
Aitken mode, and 100% for accumulation mode particles. The experiment did not detect any 
particle nucleation. The emission factors for the total plume were found to be in the range of 
161.2 6.2 10  (kg fuel consumed)-1. The emission factor for accumulation mode particles was 
151 5 10   (kg fuel)-1, while it was 180 ± 20 mg BC (kg fuel)-1 for black carbon. The last two 
values were said to be in the good agreement with the results published by Sinha et al. 
(2003).  
Some other studies have indicated the relationship between vessel speed, engine 
size/capacity, and the emission factors of gasses and/or particulate matters. Fridell et al. 
(2008) conducted measurements on three ships, with total of six engines. The ships were a 
ferry, a ro-ro vessel and a container vessel. The ferry used four 7650 kW engines, running on 
average of 500 rpm, and it had been in operation since 1988. The ro-ro, which was built in 
2004, used a single engine with a power of 20070 kW, running at an average of 125 rpm, 
while the container used engine of power of 17 500 kW, running at an average of 97 rpm and 
it was built in 1985. The ro-ro and the container vessels used fuels with relatively high sulfur 
contents of 2.2% and 2.4% by weight, respectively, while the ferry used fuel with lower sul-
fur content of 0.49% by weight. The others reported NOx emission factors ranging from 10 to 
20 g (NOx) kW h-1, with the lower emission factors associated with the ferry, and the upper 
limit of the emission factors associated with the ro-ro and container vessels. These results in-
dicate that the emission factors were dependent on both the ship speed and the age of its en-
gine, with lower emission factors associated with a faster speed and a newer engine. Howev-
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er, Carlton et al. (1995) concluded that NOx emissions do not follow any particular pattern, 
except that they are dependent on the operational mode of the engine, i.e. on its load and 
speed. 
Chen et al. (2005) investigated the emission factors based on various chemical species in ship 
exhaust plumes from on-board a light aeroplane, using the aforementioned method of Hobbs 
et al. They sampled emissions from two different ships, which were identified as Shp 1 and 
Ship 2. Overall, the emission factors for NOx and SO2 were (20±8) g(NOx)(kg-fuel)-1 and 
(30±4) g (SO2) (kg-fuel)-1, respectively, for Ship 1; and (13 ± 8) g(NOx)(kg-fuel)-1 and (23 ± 
7) g (SO2)(kg-fuel)-1, respectively, for Ship 2.  
Other studies have shown that slower vessels emit more polycyclic aromatic hydrocarbon 
(PAH) than their faster counterparts (Cooper, 2001; Sarvi et al., 2008a). Most studies agree 
that the SO2 emissions from ships are only dependent on the sulfur content of the fuel being 
used by the vessel (Cooper, 2001, 2003; Corbett, 2003; Corbett et al., 1999; Fridell et al., 
2008; Sarvi et al., 2008a,b; Sinha et al., 2003).   
2.5.2 Summary 
Research focused on aerosol characterisation, in general, targets several main gases, such as 
NOx, SOx, CO2, BC, and particulate matter. Large ships commonly use fuels which contain 
high level sulfur, and are main sources of pollution in the coastal areas and port cities around 
the World. Properties of the ship emission are influenced also by operating modes of the 
ships and ships' engines (loads, modes of movement, etc). In general, 3 to 5% of fuel sulfur 
used in the ship engines is known to be converted into sulfate. 
2.5.3 Global and Regional Ship Emission Inventories  
One of the most cited papers on the global ship emission inventory, that of Corbett et al. 
(1999), presented geographically resolved global inventories of nitrogen and sulfur emissions 
from international maritime transport. This inventory was based on ship emission test data for 
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ships previously obtained by Carlton et al. (1995), and also on a fuel-based approach similar 
to that used for automobile inventories, conducted by Singer and Harley (1996). The study 
estimated that the global annual NOx and SO2 emissions from ships in 1993 were 3.08 Tg (or 
1012 g) for N and 4.24 Tg for S, respectively. Nitrogen emissions from ships have been shown 
to account for more than 14% of all nitrogen emissions from fossil fuel combustion, and sul-
fur emissions were shown to exceed 5% of all sulfur emitted by global fuel combustion 
sources, including coal. Sulfur emissions from ships were also shown to correspond to about 
20% of biogenic dimethylsulfide (DMS) emissions. The authors suggested that these invento-
ries should be used in models along with the Global Emissions Inventory Activity (GEIA) 
inventories for land-based anthropogenic emissions, and modeled with ocean-biogenic inven-
tories for DMS. 
In separate paper, which was published as a correction to address the inaccuracies and biases 
of the above work, Corbett et al. (2003) constructed an inventory of the fuel use and particu-
late matter emissions from internationally registered ships. The methodology used in this re-
search was mainly that of updating the data for international oceangoing registered ships, as 
well as annual fuel consumption, using data obtained from the 2002 Lloyd Maritime Infor-
mation Database, while engine-specific data was provided by MAN B&W. The authors iden-
tified 88,660 ships, which used a total of 116,280 engines, with a combined power output of 
280,100 MW. About 67% of these were four-stroke engines, while 26% were two-stroke and 
the rest were unknown. The observations were based on the output of each engine, not on en-
gine sizes. On average, each engine worked for 6500 hours per year, or about 74% of availa-
ble operating time. The authors found that the consumption of fuel was about 289 metric 
tons, which was double that which was reported previously. By assuming that internationally 
allocated fuel was distributed and consumed either domestically or internationally, it was 
suggested that most internationally registered fleets were operated in domestic ports, which 
52 
 
implies that international emission estimates along domestic coasts were underestimated. 
Overall, this work reported emissions of 6.87 Tg N, compared to Endressen et al. (2005), 
who reported the previous estimate of 3.45 Tg N.  
Corbett et al. (2003) also stated that they could not use this quantitative data to estimate the 
impact of ship emissions at a local or regional level. They suggested that further research was 
needed for geographically assessing the local emissions of internationally registered ships. In 
terms of the scientific and policy implications, Corbett et al. proposed the following: (i) to 
revisit the geographic distribution of ship emissions, (ii) to model the in-plume decay and 
post-exhaust chemistry, in recent and future research, so that the potential impact of ship 
emissions can be further investigated, and (Agrawal, et al., 2008) to pay better attention to 
ship emission levels, since they were, in fact, larger than what was previously predicted. It 
was also suggested that policy makers should impose stronger regulations on ship emission 
levels, because the effects of internationally and domestically assigned energy use were more 
significant in domestic environments. 
In an Asian ship traffic study, Street et al. (2000) noted that international shipping was the 
main source of sulfur emissions in Eastern and South East Asian regions, due to the regions 
significant economic growth, and the subsequent increase in shipping activities. It was esti-
mated that the annual increase rate of SO2 emitted from ships, between the years 1988-1995, 
was 5.9%, which increased from 545 Gg to 817 Gg over a seven year period. By using the 
ATMOS atmospheric transport and deposition model, the study counted the number of, and 
emissions from individual vessels, as well as recording their routes. It concluded that sulfur 
emissions from ships was most dominant in the Indian Sea, the North China Sea, the West 
Pacific, and the South East Asian coastal regions, and that the emission of SO2 was at its 
highest during the summer and autumn months, when sulfur emissions in the Malacca Strait 
were estimated to reach 25-50 mg S m-2. The authors suggested that policy makers should 
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aim to reduce the sulfur content of marine fuel, or reduce the emission of SO2 from interna-
tional shipping. Other work from this researcher group of Street et al. (2000) indicated that 
there was a 16% reduction in the SO2 emission in East Asia region 1997 from previously pre-
dicted, which was considered to be due of the impact of implemented regulations, and the 
lower sulfur content of fuels. This work predicted that the 2020 SO2 emission rate will be 
somewhere between 40 to 45 Tg, which is better than previously predicted being between 80 
to 110 Tg.   
A study by Endresen et al. (2005) found that, for international maritime transportation, the 
global emission of SO2 was estimated to be between 5.9-7.2 Tg, from which 95% was con-
sidered to originate from residual/heavy fuel uses. If domestic bunker sales were taken into 
account, global SO2 emissions from maritime transportation was estimated to increase to 
somewhere in the range of 7.0-8.5 Tg. Endresen et al. claimed that their results were lower 
than those of Corbett et al. (2003), which were 6.49 Tg of sulfur or 13.0 Tg of SO2, because 
the model used by Corbett et al. gave double the values normally found using movement-
based estimates. This finding suggests the importance of establishing baseline ship emission 
levels, on regional and global scales, by using approaches based on detailed input data, such 
as the bottom up approach, which Endresen et al. used for measuring SO2 emission levels.  
The quantification of emission factors was first conducted by Hobbs et al. (Hobbs et al., 
2000), based on the carbon dioxide balance, where it was assumed that the ratio of hydrogen 
and carbon in marine diesel fuel was 1.8. The author found that the CO2 mass flux from die-
sel powered engines was 3.2 times the fuel consumption rate. By using the formula proposed 
by Hobbs et al. (see Section 3.2.1), the emission factors for various compounds can be ob-
tained.  
Hobbs formula is highly practical for determining emission factors, due to the fact that it is 
based on concentration measurements of CO2 and other species whose emission factors are to 
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be determined. The method is simpler, and perhaps also faster, compared to activity based 
estimates when used in relation to ship emission global inventories, where ship emissions are 
determined by the direct measurement of various parameters, such as average engine power 
(duty cycle), time in operation (engine hours), ship tonnage and engine load, and fuel con-
sumption rates. The method is also dependent on the accuracy of available fuel sales statis-
tics. Whilst the activity based method is generally considered to be more accurate, it may be 
sensitive to discrepancies in the results of various studies (Corbett & Koehler, 2003; Corbett 
& Koehler, 2004; Endresen, Ø. et al., 2004).  
2.5.4 Summary  
Inventories on the ship operations, either locally, regionally, or globally, regarding their fuel 
use, emissions, capacities, operational distributions, loads, impacts of emissions to environ-
ment and human health etc. are important factors in the attempt of formulating of regulation 
for ship emissions, and controlling the emission.  In practice, some factors are complicating 
the inventories, such as the fact that ships that registered to operate internationally operate 
locally, under estimation of ship numbers operating Worldwide, estimation of bunker fuel 
sales, the dependences of inventories on many variables, etc.  Various models have been im-
plemented to obtain the valid inventories. 
2.5.5 Ship Emission Modeling and Future Predictions  
Petzold et al. (2008) modeled ship emission plumes using a Gaussian mathematical model, 
based on the initial width and height of the sampled plume. Equations for the vertical (width) 
and horizontal (height) plume dispersion, as function of time, were given by:   
   0 0( / )plw t w t t   (27) 
   0 0( / )plh t h t t   (28) 
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respectively, where α and β are the expansion rates. The initial values for w and h were 10 m 
and 5.5 m, respectively, while the expansion rates were α=0.75 and β=0.60, referring to the 
work of von Glasow et al. (2002)). More general uses of the model were also discussed, 
based on the expansion rates of CO2, a chemically inert tracer, and boundary conditions in the 
marine boundary layer (MBL). Petzold et al. suggested that their results could be used to de-
termine the emission indices of particulate matter from ships, and for estimating the life-time 
of ship exhaust particles in the MBL. 
Endresen et al. (2005) proposed a model  for estimating global SO2 emissions using the fuel 
based approach. Calculations were undertaken for more than 53,000 individual bunkers, 
based on either local or global average sulfur content, weighted by volume, for both heavy 
and distillate marine fuels. According to this study, in the year 2002, the sulfur content of 
heavy fuels varied across different regions, from 1.90% in South America, to 3.07% in Asia, 
while the global average value for sulfur content, weighted by volume, was 2.68%. Regional 
marine bunker sales figures, combined with volume-weighted sulfur contents for each region, 
gave a global SO2 emission estimate in the range of 5.9-7.2 Tg for international maritime 
transportation (Ecotech).  
Marmer et al. (2005) conducted a study in Mediterranean areas, where emissions were esti-
mated using a regional atmospheric-chemical model and a radiation model to determine the 
seasonal variability, origin and impacts on climate of the secondary gases and aerosols. The 
work was conducted during the summer because weather conditions allowed for the accumu-
lation of primary pollutants, as well as the formation of the secondary gases and aerosols. 
During this time, the sulfate aerosol column burden over the Mediterranean was found to be 
7.8 mg m-2, which was much higher than the European mean of 4.7 mg m-2. The study used a 
numerical model, named REMOTE (Regional Model with Tracer Extension), for estimating 
the regional climate and chemistry, and was an adaptation to the work conducted by Lang-
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man et al. (2000). The results of the model simulation were analysed, to determine the impact 
of ship emissions, by: 
(i)  investigating the contribution of SOx from ship emissions to sulfate aerosol concentration 
near the surface and at higher atmospheric levels, where the fate of land and ship emis-
sions were tracked separately;  
(ii)  running the experiment without ship emissions (SOx, NOx, CO, NMVOCs) to determine 
the reduction of secondary pollutants, such as sulfate aerosols, ozone, hydroxy radicals, 
nitric acid and formaldehyde; and   
(iii) comparing the results with observations. An off-line radiation model was utilised to es-
timate the direct radiative forcing of sulfate aerosols at the top of the atmosphere (TOA).  
The study investigated TOA direct radiative aerosol forcing (i.e. the ability of the sulfate aer-
osol particles to scatter the incoming short wave radiation), to raise the local planetary albe-
do, and to cool the earth-atmosphere system. The combination of high atmospheric aerosol 
concentration and high solar radiation in the summer time had been considered to be the 
cause of the high radiative forcing in Europe. NOx emissions from ships contributed to the 
formation of secondary trace gases, and hence, considerably decreased Mediterranean air 
quality in the summer. The formation of nitric acid was the most significant impact, which 
was otherwise reduced by 66% in the absence of ship emissions.  The concentration of hy-
droxyl radicals, at the first model level, dropped by 42%, followed by formaldehyde and 
mean surface ozone, which dropped by 24% and 15%, respectively. Further investigations, 
which partitioned SOx emissions into land and water sources, estimated their respective im-
pact on sulfate aerosols, its total burden, and direct radiative forcing. It was also found that 
about 54% of the direct forcing was attributable to SOx emissions from ships, but it only de-
creased by 29% in the absence of ship emissions.  
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A modeling study conducted by Eyring et al. (2005) aimed to predict mid-term and long-term 
ship emission trends until the years 2020 and 2050, respectively. In this study, future ship 
traffic demands scenarios (DS) were grouped into four categories determined by economic 
growth, particularly in relation to Gross Domestic Product (GDP). The DS were combined 
with four technology scenarios (TS), each of which related to the use of fuel with a certain 
sulfur content, and efforts to reduce NOx. The combination of all DS and TS gave sixteen 
scenarios, with the first (DS1-TS1) and last scenario (DS4-TS4) being the most interesting. 
The lowest emission levels were found for scenario DS1-TS1, which was set in 2050, when 
25% of energy is expected to be replaced by alternative plant fuels, and the GDP is 2.3%. Al-
ternatively, DS4-TS4 showed the highest emission levels for 2050, when GDP is expected to 
grow by 3.6% and diesel-only fleets with high fuel consumption are in use.  
Eyring et al. (2005) also extrapolated future trends in seaborne trade, number of ships, fuel 
consumption, engine power and emission levels. The most significant findings were as fol-
lows: (i) NOx would be between 8.8-25 Tg in 2020 and 3.1-38.8 Tg in 2050, depending on the 
scenario; (ii) SOx would range from 6.9-14.6 Tg in 2020 and 3.6-25.9 Tg in 2050; PM would 
range from 1.8-2.3 Tg in 2020 and 1.5-3.9 Tg in 2050; and (iv) CO would range from 1.6-1.9 
Tg in 2020 and 1.5-3.4 Tg in 2050. CO2 emissions were considered to depend on fuel con-
sumption, and were estimated to range between 1110-1188 Tg in 2020 and 1109-2001 Tg in 
2050. 
The projected NOx emissions for 2050 were shown to be the largest compared to other spe-
cies. However, its levels were assumed to depend on NOx reduction technologies, economic 
growth and a percentage of fuel replacement with alternative energy sources. The SOx emis-
sions, on the other hand, could be reduced by simply controlling the surfur content of fuels, 
without the need to change engine designs.  
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2.5.6 Summary 
Modelling, either based purely on mathematical concepts, or on a combination of mathemati-
cal concepts and the available data, has played an important role in the development of aero-
sol emission predictions. The works presented in Section 2.5.5 give examples of how these 
models are used to estimate the emissions from ships, to predict short and long term ship 
emission rates in relation to fuel use and replacements, and to predict future annual emissions 
as far as the year 2050, especially for CO2, NOx and SOx.   
2.5.7 Previous Works on Train Emission 
Like any other diesel engines, emission from diesel powered train locomotive is also known 
to affect environment and human health, mainly in the railway nearby areas. Because the 
number of diesel powered trains increase from time to time, train emission has attracted at-
tentions from investigators. As other diesel engines, emissions from diesel powered train lo-
comotives contain mainly pollutants such as NOx, SOx, and SO2. Recently, attention is also 
paid to the ultrafine particles contained in the emission from train locomotives. Amongst the 
land based transport modes, diesel powered locomotives often use fuel which contains higher 
level of sulfur. Dunn (2001), for instance, indicated how railway train locomotives operating 
in eastern Canada using fuel which contain 0.15% to 0.25% (1500 to 2500 ppm) sulfur. These 
figures can be compared to other road transport diesel fuels, which on average contain maxi-
mum of 0.05% sulfur. 
Transportation of goods and passengers using train may be the largest of ground based 
transport modes. According to European-Commission (2009) trains comprise about 40% of 
the non-maritime transports. Sawant et al. (2007) estimated that in the US, trains have con-
tributed about 11% NOx, and 4% PM10, of mobile source emissions. They also indicated that 
the less regulated locomotive emissions were the cause of the significant increase in the con-
tribution of the NOx and SOx emissions by train locomotives. 
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Traditionally, studies on diesel emissions have focused on pollutants such as CO2, NOx and 
SOx. However, more recently, the target of measurements has included particle number (PN) 
concentration (Ban-Weiss et al., 2009; Ban-Weiss et al., 2010; Huang et al., 2012; Liu et al., 
2011; Zhu et al., 2011), as well as other characteristics of the emission, such as emission fac-
tor and size distribution, with many studies focusing on their relation to the operational 
modes or duty cycles of the engines. 
According to Fritz et al.(Fritz, S. G. & Cataldi, 1991), and as also mentioned in Fritz (2000),  
diesel locomotives have electrically driven traction wheels powered by an on-board diesel-
fuelled generator. Sawant et al. (2007) have  also indicated that diesel locomotives contribute 
11% of the NOx and 2.0% of PM10 present in US mobile source emissions, while in Australia, 
railways contribute 3.1%, 1.8% and 2.5% of mobile source NOx, PM10 and SO2 emissions, 
respectively (NPI, 2012). 
One of the difficulties in estimating the total emissions of train locomotives in a certain re-
gion, such as Europe, is the fact that more and more train locomotives use electricity as their 
power source (Jorgensen & Sorenson, 1997). The electricity used in locomotive could be 
generated by diesel engine fitted in the locomotive, or generated by stationary power plants, 
which is generally considered as point sources (NPI, 1999). More complication results from 
emission of smaller engines, either petrol or diesel powered, which are used for refrigerating 
and heating the train cars. These engines work independently from train main engines, and 
categorized as off road source. Based on this difficulty in handling emission from train loco-
motives various methods of investigation have been done to access emissions from train lo-
comotive (Burchill et al., 2011; Gould & Niemeier, 2011; Popp et al., 1999). 
Although there are a number of studies on train emissions, none have investigated the emis-
sions of trains operating in port areas.  
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The aim of this train emission study was to assess the emission factors of passing diesel lo-
comotives, using remote measurements of a range of mixing ratios for a variety of gaseous 
and particulate pollutants with respect to CO2. 
2.5.8 Summary 
Emissions from trains are also less regulated, and, therefore, cause increase in the emissions 
of NOx and SOx. The difficulty of estimating emission from train is due to the fact that there 
more and more trains using electricity generated by either diesel engine fitted in the train lo-
comotive, or by stationary power plants. The difficulty also comes from smaller engines, ei-
ther petrol or diesel powered, which are used for refrigerating and heating the train cars. 
2.5.9 Previous Works with Vanadium and/or Nickel 
A number of studies have indicated that diesel fuel, especially the heavy fuel oil (HFO) 
commonly used for the ships, contains high concentration of vanadium, as well as nickel 
(Agrawal, et al., 2008; Healy et al., 2009; Sadiq & Mian, 1994; Viana  et al., 2009). For ex-
ample, Agrawal et al. (2008) reported that the concentration of vanadium and nickel in  HFO 
was 259 mg kg-1 and 26 mg kg-1, respectively. As a consequence, ships, which use the HFO 
as their fuel, produce vanadium and nickel related molecules in their exhaust emissions, and 
spread them out in the atmospheres, together with other particulate matter and chemical ele-
ments contained in the emissions. The vanadium and nickel contents are quantitatively high 
in the emission from diesel fuelled engines employed in the ships, not only due to the sizes 
scale of the ship engines, which are normally a lot larger than those engines employed in the 
land based transport mode, but also due to the kinds of fuels used in the ships. Recent work of 
Zheng et al. (2010) which conducted in the laboratory, as well as in the real world-ships, re-
affirmed such existence of vanadium, nickel, and other elements in the diesel fuel. An inves-
tigation on the concentrations of vanadium and nickel in ambient air in Dhahran, Saudi Ara-
bia, by Sadiq et al. (1994) indicated that elevation the concentrations of both chemicals were 
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related to the Kuwaiti oil burning which occurred on March 1991. Sugimae et al. (1973) indi-
cated that, there is a correlation between vanadium and sulfur dioxide contained in the diesel 
emission, with correlation coefficient ranged from 0.79 to 0.91. Vanadium emission in large 
urban areas surrounding New York City has been recently studied by Peltier et al. (2010) 
who concluded that the source of vanadium component in the sampled emissions from New 
York City was the New York Port. 
Vanadium is a chemical element which is deposited in the earth crust, and contained in the 
fossil fuel as well. In free air, vanadium is normally reactive to oxygen, and the both elements 
react to form their most stable molecule, the vanadium pentoxide, 2 5V O . Together with Ni, 
vanadium is one of the most abundant elements  contained in the crude oil, with concentra-
tion about 1000 ppm (Moreno, Xavier Querol, et al., 2010). 
While impurities are significantly reduced during the fuel extraction process, the residues of 
this refining process are still widely used as fuel in international shipping, mainly due to their 
low cost. However these residues still contain impurities, such as vanadium and nickel. The 
use of residual fuel accounts for about 50% of all voyage expenses, which means the con-
sumption of residual fuel is likely to increase in proportion to increases in the shipping trade, 
which is currently estimated to be around 2.6% per annum (US Environmental Protection 
Agency, 2008; US_EPA, 2008).  
Due to its nature, that the vanadium is contained in the fossil fuel, namely in the heavy fuel 
oil, it may cause problems to the vehicles which use fossil fuel, and also to the environment 
and to human health, due to the following properties: (i) vanadium is corrosive substance, 
which could damage engine parts, especially those parts related to combustion process, like 
pistons, valves, and could form slag in the exhaust (Cherng-Yuan, 2000), (ii) vanadium, in 
the form of 2 5V O , is a toxic, and carcinogenic substance, which could cause disease, such 
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cancer, and lung or cardiovascular diseases, to the persons who are exposed to it, through gas 
emission from fossil fuelled engines or other sources (OEHHA_Govt_of_Cal_CalEPA, 2007; 
Rondini et al., 2010).  
Vanadium is a known signature presence of high emissions resulting from the use of the fos-
sil fuel, mainly the residual fuel oil, in which its concentration can range from 10 to 50 mg/g 
in particulate fly ash. The widespread use of residual fuel oil containing high levels of impu-
rities, such vanadium and nickel, can help in identifying ship emissions in ambient air. Such 
identification was conducted, for instance, by Viana et al. (2009) by using elemental ratios of 
vanadium, nickel and elemental carbon (EC). They traced particulate emissions from com-
mercial shipping in the Port City of Melilla in Spain. The results obtained for (V/Ni), and for 
(V/EC), daily ratios, ranged within 4-5 and < 2, respectively. Another such study was con-
ducted by Pandolfi et al. (2011) in the Bay of Algecirasm in Spain, where the authors used 
ratios of La/Ce and V/Ni contained in PM10 and PM2.5 samples, to trace the emission source, 
and estimate the contribution of ship engine exhaust to the overall concentrations. The results 
showed that as much as 4.7 µg/m3 of PM10 (13%) and 4.1 7 µg/m3 of PM2.5 (17%) of the total 
PM mass could be attributed to ship emissions. 
Vanadium and nickel are two of the most abundant chemicals contained in crude oil, with 
concentrations of up to 340 ppm and 1580 ppm, respectively (Barwise, 1990; Moreno, 
Querol, et al., 2010). An investigation by Sadiq et al. (1994) found that the elevated concen-
tration of vanadium and nickel in the ambient air of Dhahran, Saudi Arabia, during the first 
Gulf War were linked to the Kuwaiti oil burning in March 1991. Pacyna (Pacyna & Pacyna, 
2001) indicated that the global average of Ni and V emission factors per-unit mass for residu-
al fuels were 20 and 60 g tonne-1 respectively, which exceed those values from coal combus-
tion by an order of magnitude or more. 
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2.5.10 Summary 
The low quality fuels (HFO) used by ships contain vanadium and nickel, which means that 
ship emissions are also expected to contain both vanadium and nickel. The fact that vanadium 
and nickel are two of the most abundant elements contained in crude oil, and that they are 
contained almost specifically in residual fuels, means that they can be used as tracers to iden-
tify the presence of emissions from ships. 
2.6 Thesis Outline 
2.6.1 Gaps in Knowledge 
Despite its rapid and significant growth in recent years, there are still numerous gaps in scien-
tific knowledge, both quantitative and qualitative, in relation to ship emissions. One of the 
most important qualitative gaps in knowledge is, as outlined by Corbett et al. (Corbett & 
Koehler, 2003; Corbett, J. J., 2003), being the inability of global emission inventories to indi-
cate the quantitative impact of ship emissions on a local or regional scale. Therefore, there is 
a need for local or regional ship emission research, in order to provide actual data for global 
inventory research.  
Local research also plays important role in: the modelling of atmospheric fate and transport 
(Capaldo et al., 1999; Kasibhatla et al., 2000; Lawrence & Crutzen, 1999); studying the im-
pact of ship emissions on the marine boundary layer (Song et al., 2003) ; quantifying the im-
pact of the ship emissions on human health and environment; and policy making to regulate 
the ship emissions (Endresen, O. et al. 2004). 
Corbett and Koehler (2003) suggest that scientists should revisit existing knowledge on the 
geographic distribution of ship emissions. This means that every area should have its own 
ship emission modeling for spatial and temporal emission distributions, due to their specific 
geographic locations. They also suggest that more attention should be paid to the modeling of 
in-plume decay and the post-exhaust chemistry of ship emissions, which may suggest that in-
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plume modeling, and the chemical composition and reaction of materials from ship emissions 
have not been well studied or understood.  
Kumar et al. (2013) reviews various aspects of nanoparticle emissions from eleven non-
vehicle exhaust sources (NES), including ship emissions. The authors stressed the important 
of paying attention to the non vehicle sources, and the needs for more research to be conduct-
ed, due to their level of emissions compared to the emission from road vehicles, especially 
for the particle number properties, such as the particle number emission factor, and the parti-
cle number size distribution.  
Quantitative knowledge on aerosol particulate matter emissions, particularly those from die-
sel engines used by ships, is far from complete. Discrepancies on how characteristic parame-
ters should be measured and handled, how intermediate processes evolve, and how various 
data resulted from various measurements should be interpreted, are still under intensive dis-
cussion and debates. In addition, some properties of aerosol particles have not been well un-
derstood, such as particle number size distributions, chemical reactions and transformations, 
their spatial and temporal distributions, their impact on human health, and the existing rela-
tionships between the various constituent species. As has been mentioned and discussed in 
previous sections (see, for instance, Section 2.5.1), most of the studies on ship emissions have 
focused on gaseous and particle mass emissions. The ultrafine particle emissions, and their 
size distributions, which are usually measured in terms of particle number rather than mass, 
have received very little attention. This constitutes a significant gap in knowledge because the 
health and environmental effects of particles, as well as their dispersion and fate, are all de-
pendant on particle size. 
As has also been stressed in the various parts of the IMO regulations regarding the impacts of 
ship emissions on the environment and, especially, on human health, the ultrafine particles 
are known to play important and vital roles, for which characterisation of this kind of aerosol 
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particles is the key. In the characterisation of aerosol ultrafine particles, the determinations of 
the particle number size distribution and particle number emission factor is important, yet has 
not received sufficient attention, so that the UFP properties have not been well known. 
In terms of the Brisbane area, especially the Port of Brisbane, no known novel ship emission 
research has been conducted to date, and therefore, no scientific reports have been published 
on the ship emissions and/or their impact on the Port of Brisbane and surrounding areas. In 
particular, there is no scientific data available on daily, monthly, or yearly, ship emissions in 
Brisbane, nor are there any modeling of how ship emission plumes are spatially and tempo-
rally distributed in the surrounding areas. This means that ship emissions in the Port of Bris-
bane and its nearby areas have not been quantified, and therefore, there is no data to contrib-
ute to the global inventory of ship emissions. 
Modeling of future increases and trends in ship emissions is very important for anticipating 
the impact of these emissions on the environment and human health. For a large port city like 
Brisbane, it is likely that ship emissions will increase in accordance with economic growth, 
however, no data on such a relationship has been reported or published to date. 
2.6.2 Research Objectives 
In accordance with knowledge gaps as explained in previous sections, there is an obvious 
need of research on the properties of particulate matter from diesel engine emission, especial-
ly from those engines used in the ships. The research objectives may include the particulate 
matter temporal and spatial distributions due to geographic location of the sources, and also 
the trend of their future development due to economic and technology progresses.  
Based on the above mentioned considerations, the general objective of this project is to inves-
tigate the ultrafine particles emitted by ships and trains operating in the Port of Brisbane.  To 
achieve that general objective, it is necessary to formulate a set of the operational steps which 
reflect the efforts to transform the objective into practical works. The steps are:  
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1. to conduct an in depth and comprehensive review of ship emissions and related regula-
tions from International Shipping Authorities 
2. to investigate the characteristics (emission factors and size distribution) of airborne ul-
trafine particles (UFP, 100 nm) from ship emissions, especially in the Port of Bris-
bane area 
3. to investigate the efficiency and effectiveness of methods for conducting in-situ meas-
urements on ship decks, particularly in relation to the newly invented Plume Capture 
and Analysis System, and propose and implement further improvements in equipment 
design 
4. to quantify the parameters of train emissions at the Port of Brisbane, as a typical exam-
ple of land based transport emissions in the surrounding areas. Trains were chosen due 
to the fact that they are rarely researched, yet their emissions are significantly greater 
than motor vehicle emissions. 
5. to construct a tracing model for investigating the contribution of airborne particles 
emitted by ships to inland air pollution, in relation to various weather parameters, main-
ly wind speed and direction. This was done by using vanadium (V), nickel (Ni) and sul-
fur (S) as tracers/indicators of the contribution of ship emissions to the urban, or semi-
urban areas in Brisbane City and its surroundings. 
2.6.3 Contribution of the PhD Research Project to the Body of Knowledge 
The contributions of the research outcomes to the body of knowledge in aerosol sciences, 
particularly in the field of ship emissions, are as follow: 
1. to improve the existing general understanding of the ship emission and relevant regula-
tions 
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2. to improve the understand to the characteristics of the ultrafine particles (UFP) emitted 
by ships, particularly in relation with lower quality fuel normally used in the ship en-
gines 
3. to improve understanding of contribution of emission from typical land transport modes, 
which usually operated/used in the port surroundings. 
4. to introduce a new method of remotely identifying the emissions from ships, by using 
vanadium and nickel as tracers, which, to the best of our knowledge, has not been con-
ducted/published/reported previously by other researchers  
5. to improve performance of the measurement apparatus, the PCAS, previously developed 
by Johnson et al. (2008), by especially making it more suitable for measurement 
onboard of ships; a work was also conducted to show that the measurement conducted 
by using this apparatus is independent of the dilution process, which naturally happens 
in any plume capture. 
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3 Methodology, Results, and Analysis 
3.1 Methodology 
3.1.1 Research Design  
In order to achieve the objectives described in Section 2.6, a new research methodology was 
designed and implemented specifically for this work. 
The work conducted for this study was coordinated by the candidate and researchers from the 
International Laboratory for Air Quality and Health (ILAQH), Queensland University of 
Technology (QUT), in partnership with the Port of Brisbane authorities. The majority of pre-
liminary work was conducted within the ILAQH, which included administrative correspond-
ence, developing the study design, equipment preparation, instrument setup, calibration and 
testing etc.  
To achieve all of its objectives, measurements were conducted both within Brisbane city, as 
well as a number of areas between the city and the Port of Brisbane (POB), which is located 
to the North East of Brisbane's CBD. Additional measurements, which used nickel and vana-
dium as tracers, were conducted in the suburb of Rocklea, which is located about 8 km South 
West of Brisbane.  
The complete research design included the following: 
1. Conducting research on the ultrafine particles emitted by two dredgers, the Amity and the 
Brisbane, which belong to the Port of Brisbane. Both dredgers spent most of their time 
operating within, or in the surrounding sea/river areas of, the Port of Brisbane. The char-
acteristics of the emissions from both dredgers, which used different operation modes, 
were used as typical examples of the pollutants emitted from ships with similar engine 
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capacities, so that the emission factors obtained represented the typical emission factors 
from ships with engines in their class. 
2. Developing/adapting the Plume Capture and analysis system (PCAS), to make it appro-
priate and more suitable for conducting measurements onboard the vessels. 
3. Making comparisons between the parameters measured in this work with those from oth-
er works, particularly in relation to emission factors. 
4. Conducting research in nearby areas, to assess emissions from other transport modes, 
which, in this case, were emissions from the trains operating in the Port of Brisbane area. 
5. Making comparisons between the parameters measured in relation to the train emissions, 
with those reported for similar work by other authors. 
6. Conducting research on the spread of ship emissions from the Port of Brisbane, using 
vanadium (V) and nickel (Ni) as tracer chemicals. The V and Ni, together with black 
carbon (BC), Cl, and sulfur (S) were measured in the remote suburban area of Rocklea, 
about 30 km inland from the Port of Brisbane. 
7. Making comparisons between the results from using V and Ni tracers, with the results of 
other works which applying different method. 
In the field, not all steps previously planned could be conducted, due to various factors, in-
cluding limited access to information on ship visits, fuel use etc, which was considered confi-
dential in some instances. For example, the only data available on ship visits was from gen-
eral information provided on the Port of Brisbane website.  
Initial measurements on the Amity and Brisbane were conducted during a week long cam-
paign in January 2009 and a two week long campaign in June/July 2009, respectively. These 
two measurement campaigns were similar. However, there were a number of differences in 
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the measurements carried out on each dredger, due to the different layout and operational 
modes of each vessel.  
Train emissions were analysed using data which was obtained during an earlier campaign 
(from 30 August - 3 September 2007 and 11-14  February 2008), from measurements per-
formed in close proximity to the Port of Brisbane, at a site downwind from the train line at 
the entrance to Fishermen Island. Using a small mobile station, which was parked in a secure 
fenced location near the tracks, the instruments were set-up to simultaneously measure emis-
sion from the diesel-electric engines used for powering the train locomotives. On average, 73 
trains passed the sampling location on a daily basis, either entering or leaving the Port, of 
which 63 trains were loaded with coal. 
Investigations into the spread of ship emissions, using nickel and vanadium tracers, were 
conducted using data obtained from measurements in farmland on Sherwood Road at Rock-
lea. The measurement of chemical concentrations was performed by using Teflon filters with 
a cyclone sampler, adapted from the Aero Sampling Project recently conducted by the Aus-
tralian Nuclear Science and Technology Organisation (ANSTO). The measurements were 
taken for a twenty four period every Wednesday and Sunday between June 2007 and June 
2010. Overall, 319 data samples were collected, however for the purposes of this research 
project, only the data collected during 2009 was used. 
Figure 3-1 presents a map of the locations related to this research project. The measurement 
of emissions from the Amity and Brisbane dredgers, was conducted in the Port of Brisbane, 
and the Port of Brisbane and Hamilton, respectively. The measurement of train emissions was 
conducted near the entry gate of Fishermen Island, where the Port of Brisbane is located. 
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Figure 3-1. Map of Brisbane city and its surrounding areas (the yellow pins indicate 
the places where measurements were conducted).  
3.1.2 Preparations for the Measurement 
The preliminary testing and setup of equipment was done at the ILAQH, prior to the com-
mencement of field work. The setup process consisted of connecting instrumentation and tub-
ing, computer interfacing, software installation and transportation to the measurement site. 
Preliminary visits to the field were necessary, to investigate the site conditions, in order to 
determine the most appropriate sampling strategy and optimal positioning of equipment. 
Preparations in the field were mostly in the form of finding the best position for the instru-
mentation placement, and for the most efficient and convenient ways to manoeuvre the plume 
capture tubing system into engine stacks. The site also needed to have easy access to elec-
79 
 
tricity power plugs and a certain amount of open space nearby to accommodate the instru-
ment chamber.  
During the measurement campaign on the Amity and Brisbane dredgers, the instruments were 
located fairly close to the main stacks from the plume. Samples were captured using a probe 
tube mounted on a light weight telescoping pole, which was used to manoeuvre the probe into 
the plume emitted from the stacks. It took about 15 s to fill the bag in the Plume Capture De-
vice (PCD) barrel before being removed and transferred to the instrument chamber for imme-
diate analysis. The total time delay between initiating the sample and the commencement of 
analysis was estimated to be in the range of 10-20 s. During analysis, the sample was drawn 
from the fully inflated bag and sent into the instruments via a manifold and a short length of 
conductive silicone rubber tubing. On average, a single plume capture and measurement cy-
cle took about 5 minutes, to allow sufficient time for a stable reading to be acquired by all 
instruments, and a complete size distribution scan to be performed by the SMPS. The plume 
capture process was adjusted to ensure that the sample concentration was lower than 106 cm-
3, sufficiently small to prevent significant particle coagulations, which would otherwise alter 
the original size distributions. 
In addition to the collection of ship emission data, it was also necessary to obtain information 
on the ships engine operational conditions, such as its average operational RPM, power out-
put, fuel type and modes of operation (i.e. steaming/moving, dredging, unloading etc.). To 
fulfill this requirement, observations were made in the engine room or control room of the 
vessels during field work campaigns, together with information obtained from the ships mas-
ter/captain. 
Each campaign lasted between one to two weeks, in order to obtain sufficient data for analy-
sis, depending on the vessel and the environmental circumstances. In this work, the dredger 
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schedules did not always allow us full access to conduct sampling, and therefore, a two week 
period was sometimes needed to complete data acquisition. 
3.1.3 Equipments 
Measurements of the emissions of ships and of train operating in the Port of Brisbane used 
similar set of equipment. However, measurement of the chemical concentration used for trac-
ers of ship emission was conducted by filter, as described above.  
Below are descriptions of equipments used in the measurement campaigns.  
1. Scanning Mobility Particle Sizer (SMPS) (TSI SMPS 3934)  
An SMPS is used to detect and measure particle sizes of submicrometer ranges. For the 
SMPS used in this research, the ranges were from 5 to 1000 nm. This equipment is also used 
to determine the particle number size distribution, by measuring the particle number concen-
tration. Figure 3-2 shows schematic diagram of an SMPS, the TSI SMPS 3934, in an ar-
rangement with other equipment normally used with it. 
                         
Figure 3-2, a schematic diagram of an SMPS (TSI SMPS 3934), with relevant 
equipment. 
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In this research, a set of TSI SMPS 3934 was used. This kind of SMPS has technologically 
advanced features such as having high resolution, large measurement size range, with large 
particle concentration, and quick response of less than 20 second  (Weir, 2002). 
During the current research project, the SMPS consisted of the CPC TSI 3782, with the 
0.0508 cm impactor, and the diameter size range diameter was set up from 9.31 to 437.10 
nm. Scanning time was set for 300 seconds, with retrace time of 60 seconds, so that total of a 
sampling time was 6 minutes. The particle density upper limit was set to be 1.2000 g cm-3, 
and the equipment was also set to have multiple charge correction.  
2. DustTrak™ 8520 (fitted with PM2.5 inlet)  
A DustTrak™  is an instrument to determine approximation mass concentration of the PM2.5. 
The DustTrak 8520 (Figure 3-3), the one that was used in this research, is portable, and 
lightweight. 
-                      
Figure 3-3, the DustTrak 8520, a kind used in this research 
3. Condensation Particle Counter (CPC) (TSI 3022)  
A CPC is an instrument used for measuring the total particle number concentration. Figure 
3-4 displays a CPC of TSI 3022A, which could detect airborne particles greater than, or equal 
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to, 7 nanometers in diameter, and measure concentration over a wide range up to 107 particles 
per cubic centimeter. This kind of CPC can be used by using single-count mode, or photo-
metric detection mode.  
                             
Figure 3-4, a CPC of TSI 3022A 
A CPC used during this research project was of TSI 3022, a kind as shown in Figure 3-4. It is  
capable of detecting airborne particles down to 7 nm in diameter, and measuring concentra-
tion over a wide range, up to 107 particles per cubic centimetre. (http://epic-
reports.awi.de/1085/1/TSI1999a.pdf, 2011; http://www.tsi.com/Nanoparticle-Surface-Area-
Monitor-3550/, 2011) 
4. NOx Analyser (Ecotech 9814A)  
A NOx analyser is an instrument used for detecting and counting NOx concentration. Figure 
3-5 displays a picture of a NOx analyser of Ecotech 9814A series, which is widely used in the 
aerosol research, because of its capability of delivering good measurement results. This 
equipment, according to the company which produced it, works based on an application of 
the chemiluminescence principle, combined with a microprocessor, which enables the in-
strument to perform various functions. Chemiluminescence is the emission of light as a result 
of a chemical reaction. In this case, when NO, which is an unstable molecule, reacts with ox-
ygen the reaction produces NO2 and a quantity of light. The light level is proportional to the 
concentration of the NO(K2BW_Environmental_Equipment_Co., 2013). 
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Figure 3-5, NOx Analyser of Ecotech 9841A 
A NOx analyser used during this project research was an Ecotech 9814A series, as shown in 
Figure 3-5. According to its producer the gas analyser Ecotech 9814A capable of measuring 
concentration of NOx from 0 until 2000 ppb, with of 50 ppt  (Ecotech, 2011). 
5. SO2 Analyser (Ecotech 9850)  
SO2 analyser, as its name suggests, is an instrument used for detecting and determining SO2 
concentration. An example of this equipment is the Ecotech 9850, as shown in Figure 3-6 .  
This equipment works based on the light emitted by SO2, after the molecule absorbs the ul-
traviolet component of the incoming light. The light emitted by SO2 has a longer wavelength, 
and is specific to SO2. A filter is used to isolate the light emitted by the SO2, and hence can 
be used to calculate SO2 concentration after passing the emitted light to a PMT (photomul-
tiflier tube), based on the proportionality of the light level to the concentration the SO2 in the 
gas sample (Fresh_Air, 2013). 
According to the company, which produces this equipment, the SO2 of  Ecotech 9850 is ca-
pable of measure the concentration of SO2 with sensitivity of 200 ppt in the range from 0 to 
2000 ppb. The analyser also automatically corrects the SO2 concentration for temperature and 
pressure changes, and conducts auto-zero routine to correct the equipment from possible con-
tamination (Ecotech, 2011). 
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Figure 3-6, SO2 Analyser of Ecotech 9850 
This research project used an SO2 of Ecotech 9850, whose picture is shown in Figure 3-6.  
6. CO2 Analyser (Sable Instruments)  
A CO2 analyser is used to determine the CO2 concentration. An example for the CO2 analyser 
is the CA-10a series analyser from Sable Instruments, which was also used in this research 
project. This is a fast responding CO2, which is easy to operate, and has fairly high resolution 
of 1 ppm at the atmosphere levels, with good reliability, and versatility as well. 
(http://www.sablesystems.com/products-prod_ca-10-long.html?sub=details, 2011). “Cleaning 
up” this instrument can also be easily done, by influx into it nitrogen gas. 
The operating principle of this equipment is by applying the NDIR (non-destructive infrared) 
principle. The NDIR sensor works to detect the absorption of the light characteristic wave-
length by the CO2, from where the CO2 is hen calculated. According to its manufacturer, the 
CO2 CA-10a analyser uses the dual wave-length infrared sources, which enable this equip-
ment of reducing drift, and insensitive to water favour. The equipment capable of measuring 
the CO2 concentration in range between 0 to 15% (Sable-Systems, 2013). 
7. Thermodenuder (TSI 3065)  
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Thermodenuder is an instrument for removing volatile particles from samples. During the 
course of the research on dredger the Brisbane, a thermodenuder of TSI 3065, as shown in 
Figure 3-7, was used. The use was motivated by the expectations, that the plumes might con-
tain volatile particles. However, after a quick review over the results was conducted, and 
showed that there was no significant detection of the volatile particles contained in the sam-
ples, the use of the thermodenuder was subsequently ended.  
                     
Figure 3-7, Thermodenuder TSI 3065  
8. The Plume Capture and Analysis System (PCAS)  
PCAS stands for Plume Capture and Analysis System. This is a relatively newly invented 
system, and is still undergoing improvements to adapt to various conditions of measurement. 
The PCAS consists of two main parts. The first part consisted of a set of instrumentation, in-
cluding two CPCs, and an SMPS, NOx and SO2 analysers, and CO2 analyser. The second part 
was the plume capture device (PCD), which consisted of a vacuum pump, an airtight barrel 
with inlet and outlet, and a tubing system (see Figure 3-8). Both of these parts were connect-
ed into a common manifold, through which samples were drawn from the sample barrel. The 
manifold was made such that it also functioned for drawing ambient air sample. 
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Figure 3-8, the PCAS, on deck of the Brisbane dredger, which consists of  (a) the 
Analysis System, and (b) Plume Capture Device (PCD). 
 
Some modifications of the PCAS to adapt the measurement condition on-board of a ship were 
done, mainly on those of tubing parts associated with barrel of the PCD. The barrel was then 
equipped with a long flexible piece of heat resistant tubing, the end of which was mounted on 
top of a light-weight pole, to allow for easy manoeuvring into the plume, when conducting 
plume capture. This was related to the ship stack positions, which were high, and otherwise 
not easy to reach. Also, the manoeuvring into the plume needed to be flexible, following the 
downwind direction, which changed quite often. The modification also allows the flexibility 
of capturing ambient air samples, by positioning the tubing afar from stacks, such that it is 
free from stack plume contamination.  
(a) (b) 
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On each vessel, the plume sample capture was conducted by passing the PCD intake probe 
through the engine exhaust plume, and the plume was sampled for about three to four sec-
onds. This short capture time was designed to assure that captured plume sample was ade-
quately diluted with ambient air to reduce coagulation to acceptable level. Ambient air meas-
urements were also conducted in order to determine background concentration at the time of 
measurement. Each plume sample collection was followed by a background collection, which 
overall took about 6 minutes to complete (i.e. up to 40-50 samples per-day). 
3.2 Data Analysis Method 
3.2.1 Emission Factor Determination 
Emission factor calculations were performed using an equation based on a ratio of the con-
centration enhancement of a component within the plume, whose emission factor is being de-
termined, to the concentration enhancement of CO2. The emission factor of CO2 is pre-
determined, based on the fuel combustion stoichiometry, by assuming a complete combus-
tion. Based on this method, the equation for calculating emission factors differed for both 
particles and gaseous materials, as follows (Hobbs et al., 2000): 
For gases, the emission factor is given by the equation: 
 
2 2
2( ) ( ) x x
CO CO
MW CEF x EF CO
MW C
   (29) 
For particles, the emission factor is given by the equation: 
 
2 2
2
1( ) ( ) air N
air CO CO
MW CEF PN EF CO
MW C
   (30)
where ( )EF x is the emission factor for the species x, xMW  is its molecular mass, ∆Cx is the 
difference between concentration of the species x and its background (ambient) concentra-
tion, ( )EF PN 	is the emission factor for particle number, which quantifies how many parti-
cles are emitted per unit mass of the fuel consumed by an engine and ρair is the density of 
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ambient air. The emission factor for CO2 is assumed to be 3153 ± 15 g kg-1 (Chen et al., 
2005; Hobbs, et al., 2000; Johnson et al., 2008), while the emission factors for PN, PM2.5, 
SO2 and NOx, were derived with respect to consumed fuel mass by assuming 100% conver-
sion of the carbon content of diesel to CO2. The emission factors are given in units of g (kg-
fuel)-1 for gases, and particle number (kg-fuel)-1 for particles. 
3.2.2 Size Distribution 
Particle number size distribution (PNSD) is a quantitative characteristic which describes the 
number of particles detected per cm3 with a certain median count diameter (CMD). In other 
words, PNSD is a description of the relationship between particle number concentration and 
their equivalent diameter. In the analysis performed in this research project, size distribution 
is one of the most important parameters to be determined. As previously mentioned in Sec-
tion 2.2, the aerosol size distribution normally has a Gaussian normal distribution, due to the 
balance of the increase (because of coagulation) and decrease in diameter (because of frag-
mentation (Harris & Maricq, 2002)). In practice, any data which did not exhibit the normal 
size distribution was excluded from the analysis, because it may indicate the abnormalities of 
the data due to various causes happened within measurement equipment. Size distribution 
data was also used to derive emission factor size distribution data, which is the product of the 
two parameters, the size distribution and the emission factor.   
3.2.3 Analysis of Variance and Data Robustness Test 
Analysis of variance (Moldanová et al., 2009)   was used when dealing with emission data 
from the PCD. ANOVA is a statistical analysis method used to indicate if there is a signifi-
cant relationship between two groups of variable data. It is done by comparing the means of 
two groups of data using the F-test or variance homogeneity test criteria, by setting the confi-
dence level (α) at a certain value, in order to determine the p-value used for indicating signif-
icance. There are two hypotheses involved in an ANOVA, that is the Null Hypothesis, which 
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is: "There is no relationship between the two groups of data being analysed", or F = 0; and 
the Research Hypothesis, which is: "There a relationship between the two groups of data be-
ing analysed" and F ≠ 0. If the p-value obtained is ≥ α, then the null hypothesis must be re-
jected, which means that there is no relationship between the two groups of data. 
In the field, PCAS proved to be an efficient and effective system for collecting and directly 
analysing plume samples. However, the dilution of the sample within its barrel occurred natu-
rally, and was not controlled. Therefore, the concentrations of the samples collected from dif-
ferent sampling might be different, depending on the levels of dilution. It is, therefore, neces-
sary to be indicated that such phenomenon did not influence the results of measurement and 
analysis using the PCAS. In other words, it must be shown that measurement results were 
independent on the dilution of the samples. To conduct such test, results from emission factor 
calculations were used to examine the robustness of the PCAS performances, by relating 
them with dilution ratios. By assuming that the emission factor is independent of the dilution 
ratio, an Analysis of Variant (Moldanová, et al., 2009)  was done, by taking 95% interval of 
significance. In real world measurement, a total independence of the emission factor and dilu-
tion ratio is not possible. The more realistic situation is to get them having weak, or statisti-
cally insignificant dependences. In anticipating the particle wall loss, which might occur dur-
ing time gap between time of capture (ToC) and the time when measurement started, it was 
necessary to conduct the loss corrections. The loss correction was done by interpolating data 
plots, to correct and bring data to the values at ToC.  
Regarding the use of ANOVA for robustness test in this work, two data sets were taken from 
the Brisbane, and analysed, to show that the dilution effect did not have a significant impact 
on the plume contained in the PCD barrel. This ensured that the measurement and analysis of 
samples collected by the PCAS were truly representative of the plume that was emitted from 
the ships stacks. 
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3.2.4 Measurement of Train Emission  
Train locomotive emissions were measured during total of seven days, from 30th of August 
until 3rd September 2007, and continued during 11th to 14th of February 2008. Although con-
ducted in two separated periods, the measurements from these two campaigns were treated as 
single group of measurements for analysis purposes. The measurements were conducted by using 
a set of instruments within a mobile monitoring station -which was stationary during the ex-
periment. The instruments included an SMPS (TSI 3934) for particle size distribution meas-
urements, a NOx analyzer (Ecotech ML9841A), an aerosol photometer (TSI DustTrak) fitted 
with a PM2.5 impactor and sensors for CO2 (Sable instruments) and an SO2 analyzer (Ecotech 
9850).  
The data from each of these instruments were continually logged. The photometer was cali-
brated for ambient aerosol at the site using simultaneous measurements of PM2.5 by a Tapered 
Element Oscillating Microbalance (R&P 1400A fitted with PM2.5 cyclone). The SMPS used a 
separate CPC (TSI Model 3010) and the sheath and aerosol flow rates of the SMPS were ad-
justed to 3 L.min-1 and 0.3 L.min-1 respectively. 
The targeted parameters were emission factors of various species, the particle size distribu-
tions, and correlation relationship between the various emission factors obtained. Compari-
sons were made between results of this study and the results of other works previously.  
3.2.5 Tracing of the Ship Emission  
Tracing of ship emission involving the use of concentration of chemical elements, and the 
wind speed and direction data, which was aimed to access the ship emission indirectly, by 
identifying the signatures of the emission, given that most engines used in the ships were die-
sel fuelled, with most of them using residual fuel oil, which is known to contain high sulfur 
and other harmful chemicals, such as vanadium and nickel. 
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In principle, the analysis of the results obtained was done by correlating the concentrations of 
chemical measured in Rocklea with wind speed and directions of corresponding dates. As-
suming that vanadium and nickel were emitted specifically by ships visiting the Port of Bris-
bane, based on the understanding that the residual fuel oil used in ships is the dominant 
source of vanadium and nickel emitted to the air (de Foy et al., 2012; Mamane et al., 2008; 
WA_Authority, 2007), the research project aimed to find evidence that the measured concen-
tration of vanadium and nickel were related to the emission from Port of Brisbane. 
The results of the analysis were compared to the works of Cheung et al. (Cheung et al., 2010; 
Cheung et al., 2011), which used data obtained from the same site, but focused on the nuclea-
tion and particle formation processes. To be comparators, data used in the Cheung et al.'s 
works and used in this work were collected independently, except for wind speed and direc-
tion data, which common data were used. Such condition ensured that objective comparisons 
would be obtained. 
3.3 Fieldwork for Ship Emission Measurements   
Fieldwork related to this research, was mostly done in the Port of Brisbane areas, and its vi-
cinities. Measurements and data acquisitions were done onboard of two dredgers, the Amity 
and the Brisbane. The first measurement campaign was done on dredger the Amity, on 29th 
and 30th of January 2009, and followed by second measurement campaign on the dredger the 
Brisbane, on the 19th, 20th, 29th of June 2009, and on the 2nd and 3rd of July 2009. 
Prior visits were made for direct communication with the Port of Brisbane authority, particu-
larly with the environmental management, from which information regarding the operational 
of the dredgers, and more general information about ship visits to the Port of Brisbane, was 
obtained. 
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During the campaigns, the Port of Brisbane was conducting large scale work to reclaim its 
swamp areas. For this reclamation purposes, soils and rocks obtained from dredging activities 
along the Brisbane River were used. Beside the two dredgers, there were many trucks and 
large vehicles involved in the project, which all were powered by diesel engines. Therefore, 
the reclaimed area became a strong diesel emission source. However, in accordance with the 
aims of this research, the measurements only focused on the dredgers’ plumes by treating 
emissions from other sources as background. 
In the two campaigns, we used identical set of equipments, with similar targets of measure-
ment. The differences between both measurements were emission characteristics factors of 
the two dredgers, due to the different operational modes. 
3.3.1 Description of the Measurement on the Amity and the Brisbane  
The time for the Amity measurement was during the last week of January 2009, in fine sum-
mer days. Despite of one week campaign time, the complete and satisfactory measurement 
ran only for two days, each started at about 8.30 AM and ended at about 3:30 PM. This was 
due to some technical problems occurring in the field, and also due to various circumstances 
occurring in the dredger operation schedule, so not at all planned days the measurements 
could be conducted. 
The instruments were set up in the Amity crew cabin, and the PCD in the middle of the open 
upper deck. The PCD was placed on the deck near the front and rear stacks of the dredger 
three engines. The PCAS had been designed to be mobile and was readily moved between 
stack locations. The PCD was operated by three people (one senior researcher, and two PhD 
students) from ILAQH, QUT. 
There were three stacks on the Amity whose plumes were examined, each attached to a differ-
ent engine. Each stack was assigned with a label A, B, or C. Each measurement (plume cap-
ture) was accompanied by a background measurement, which was conducted by capturing air 
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from the upwind side of the vessel, to avoid contamination by the plume. The background 
data were needed to calculate the true plume concentration. From each stack, in one meas-
urement, as many as five plume captures were conducted, each of which was accompanied 
with a background measurement. Several plume captures were repeated for technical reasons, 
particularly during the initial stages, in order to fine tune the procedure. Repetitions were also 
taken on a number of occasions when the changing orientation of the Amity resulted in un-
suitable wind conditions for plume or background captures. Each day, 50 to 55 measurements 
were conducted, resulting in a total of more than 100 capture and analysis processes for the 
Amity. 
The campaign involving the emissions of the dredger the Brisbane was carried out during a 
two-week period, with on-off days in accordance with The Brisbane operational schedule. 
The period was between the 19th of June 2009 and the 3rd of July 2009, with effectively five 
days during which the research team could access the Brisbane. The days were the 19th, the 
20th, and the 29th of June 09, and the 2nd and the 3rd of July 2009. The campaign was conduct-
ed by a research team from the ILAQH- QUT, which involved overall two QUT senior re-
searchers, one QUT PhD student, and one intern foreign student, who was doing his intern-
ship at ILAQH-QUT.  
In some respects, measurements on the Brisbane were different from those of the Amity. The 
differences came from the fact that while the Brisbane was a larger dredger than the Amity, it 
also normally operated more dynamically, with various modes of operation, and encom-
passed much larger areas. The Brisbane was normally used for large scale dredging activities 
either in Brisbane, or in other port cities around Australia. During this research project, the 
Brisbane moved back and forth along the Brisbane River traveling about 10 km path for each 
of its dredging processes. The Brisbane offered top deck area (see Figure 3-8) where equip-
ments could be conveniently setup, and, therefore, the measurement cycles could be conduct-
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ed more quickly, enabling the system to prevent coagulation, and other intermediate process-
es, to occur during the samplings. The Brisbane had high stacks, which were the common 
stacks for its three engines, so that it was not possible to separate plume from each engine. 
The environment conditions were also different between two campaigns. During campaign 
for the Brisbane, the season was winter, with strong wind during the most of the days, which 
changed directions from time to time. Because the equipment was setup in a high deck, they 
were subject to strong wind and low temperature, which, in turn, might influence the setting 
and performances of the equipments, for which close and frequent inspections were needed. 
Notably, the NOx analyser was considered not properly worked during some instances, pre-
sumably due to lower temperatures of the surrounding air. 
3.3.2 Measurement Locations  
Measurement locations of this ship emission research were in the areas of Port of Brisbane, 
along the Brisbane River. Geographically, the areas are in the nearby of coordinate point of 
(27:22 South, 153:10 East). At most of the times, the two dredgers operated with different 
pattern of operational modes. The dredger Amity was operating almost stationary, in a limited 
area, near reclaimed areas of Port of Brisbane.  
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Figure 3-9, map of areas where the Amity and the Brisbane were operating. The two 
dredged areas are shown in the map, so is the path along the Brisbane River, which 
was travelled by the Brisbane. 
 
It pumped the dredged materials immediately, and directly, into reclaimed areas. The Bris-
bane, on the other hand, was operating in the Hamilton area, about 10 km up the river. The 
Brisbane had to move back and forth between its docking terminal, which close to the re-
claimed areas, and the dredged areas. It took about 4-5 hours for the Brisbane to complete 
one dredging cycle, which consisted of leaving the docking terminal, moving up the river, 
dredging, moving back to docking terminal, and pumping the materials out into reclaimed 
areas. Figure 3-9 gives description about the areas where the two dredgers were dredging. 
3.3.3 Engine Parameters 
Below are presented the parameters of the engines used in the Amity and the Brisbane. Due to 
their differences, mainly in the operational modes, the presentation is separated for each 
dredger. Some common aspects, however, are presented and discussed jointly. 
 
Area dredged 
by the Amity  
Path travelled by 
the Brisbane  Hamilton
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3.3.3.1 The Amity Engine Parameters 
Table 3-1 contains parameters for the Amity engines, which include technical and operational 
data, amount of fuel consumed, the fuel use rate, their operating RPMs, and calculated power 
outputs during the emission measurement. 
Table 3-1: The Amity Engine Technical and Operational Data 
Date/Time Fuel* 
Used 
(L) 
Fuel a) 
Use 
Rate 
(L/H) 
Engine/ 
Make/ 
Model 
Cylinder 
Number/  
Volume 
(L) 
Age 
(year)
Average b) 
Operational 
RPM 
(Rev/min) 
Average Fuel 
c) Consump-
tion Rate 
(L/H) 
29/1/2009 
From 7.30 am 
until 15.25 pm 
3500 
 
 
 
3250 
442 
 
 
 
496 
C/ Cum-
mings/ 
KTA-50 
16/50 20 1600 29/1/09: 143.7 
30/1/09: 161.2 
30/1/2009 
From 8.51 am 
until 15.24 pm 
A/ Cater-
pillar/ 3516 
16/69 20 1530 29/1/09: 189.7 
30/1/09: 212.8 
B/ Caterpil-
lar/3508 
8/34.5 20 1750 29/1/09: 109.2 
30/1/09: 122.5 
a)   Fuel Used and Fuel Rate is for all three engines 
b)  Average RPM is averaged value from several RPM readings during the operation 
c) Average fuel consumption rate for engine A is calculated using formula: 
ሺݐ݋ݐ݈ܽ_݂ݑ݈݁_ݑݏ݁݀_ݎܽݐ݁	 ൈ ܸ݋݈஺ ൈ ܴܲܯ୅୴ୣ୅ሻ/ሺܸ݋݈஺ ൈ ܴܲܯ୅୴ୣ୅ ൅ ܸ݋݈஼ ൈܴܲܯ୅୴ୣେ ൅ ܸ݋݈஼ ൈ ܴܲܯ୅୴ୣେሻ. Average fuel consumption rates for  and engine A3 
are calculated similarly. 
 
Each of the Amity three engines used fuel from a common reservoir for which only the total 
fuel consumption rate was available. If the oxygen concentration was available for the undi-
luted exhaust, the fuel consumption rates for each engine could be calculated based on the 
effective air to fuel ratio derived from stack oxygen concentration data, the engine volumes, 
and RPM data. The oxygen (lambda) probe was not available for the Amity at time of meas-
urements. 
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It was possible to crudely estimate the individual fuel consumption rates, if it was assumed a 
value for lambda and hence the air to fuel ratio. This approach, however, introduces a number 
of assumptions and therefore was not conducted in this research project. Instead, the emission 
factors for the individual engines were presented in terms of emission per unit fuel consumed. 
The overall emission factors per unit fuel consumed were calculated by apportioning the fuel 
consumption rates according to the air flow rates through each engine, assuming that the ef-
fective air fuel ratio (more usually expressed in terms of lambda) was similar for each engine 
under normal operating conditions. The need for assumption could be avoided by either 
measuring lambda in the stack, or the individual fuel consumption rates, directly during the 
experiment, which may or may not be practical in future works, depending on stack access 
restrictions. 
Once average fuel consumption rates are known, an average output power for each engine 
could also potentially be estimated using the average fuel consumption rates and assumed 
conversion efficiency from chemical to mechanical energy. 
Diesel engine typically operates under moderate to full loads, with the effective air to fuel 
mass ratio can range widely from 50:1 down to 17:1. Based on the available data on the Ami-
ty, the average effective air fuel ratio was 38:1 suggesting that the engines were under a light 
load. 
Apportioning fuel according to air flow rate based on the engine volume and average RPM 
during the measurements fuel consumption rates for each engine were calculated and are 
shown in the Table 3-2. 
Table 3-2: Apportioning fuel for the Amity engines at time of measurement 
Engine Volume (L) RPM Airflow rate (L/s) Estimated fuel 
fraction 
C 50 1600 1333 33% 
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A 69 1530 1760 43% 
B 34.5 1750 1006 25% 
Total   4099  
 
3.3.3.2 The Brisbane Engine Parameters  
The Brisbane dredger was equipped with three engines, two of which were used for ship op-
erational manoeuvres and movements, either for moving, dredging, and pumping out; while 
the third engine was used for generating electrical power. The Brisbane engine technical data 
are presented in the Table 3-3. 
Table 3-3: The Brisbane Engine Technical and Operational Data 
 
The three engines used in the Brisbane were not equipped with λ-meter (oxygen sensor), and 
also they had a common fuel reservoir. Therefore, it was not possible to estimate rate of fuel 
consumption for each engine. However, it was not a problem in obtaining the engine emis-
sion factors, because the emission factors for engine 1 and engine 2 will presented in terms of 
emission per unit fuel consumed.  
Engine 
No. 
Make/ Seri-
al/ Model 
Age 
(yrs) 
Cylinder 
Number/ 
Vol. (L)  
Two/Four 
Stroke/ 
Turbo 
Charged 
Average 
Operational 
RPM  
Average Fuel 
Cons. Rate 
(L/H) 
RPM 
for Max 
Power 
Output 
1 Cat 3606 
8RB751 
9 6 cylinders 
110.8 L 
4 stroke 
turbo 
charged 
Various 
Need to 
take aver-
age 
Various (de-
pends on 
material 
dredge). Need 
to average 
1000 
2 Cat 3606 
8RB752 
9 6 cylinders 
110.8 L 
4 stroke 
turbo 
charged 
Various 
Need to 
take aver-
age 
Various (de-
pends on 
material 
dredge). Need 
to average 
1000 
3 Cat 3512 
24Z09163 
9 12 cylinders 
51.8 L 
4 stroke 
turbo 
charged 
Various  
Need to 
take aver-
age 
Various 
mostly used 
alongside on 
crew change 
1500 
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On the other hand, an apportioning fuel according to air flow rate, based on the engine vol-
ume and average RPM, during the measurements, fuel consumption rates for each engine 
could be calculated once the average operation RPM are known. 
3.4 Measurement of Train Emission 
The measurement the train emissions was focused on the trains entering and leaving the Port 
of Brisbane, for which there were about 73 trains per week access the port, the majority of 
which (approximately 60) are loaded with coal for export. The trains typically are driven by 2 
Clyde/EMD 2300 class diesel electric locomotives, with wagon typical payload of 1900 
tonnes. The locomotives use standard locomotive diesel oil, with an energy density of 38.6 
MJ.L-1 and an end use (i.e. combustion only) CO2 emission factor of 69.7 g.MJ-1 or 2.690 
kg.L-1 (Targino et al., 2007). Typical fuel consumption rate was 0.003-0.005 L per gross 
tonne-km (GTK) (Affleck_Consulting_Pty_Ltd, 2002).  
The specific chemical composition of the diesel fuel used by the locomotives was not availa-
ble in this study, however by referring to the Australian National Standard for Diesel Fuel, it 
can be inferred that the sulfur and PAHs content of the fuel used by the locomotives should 
not have exceeded 50 ppm and 11% m/m, respectively (Orbital_Australia, 2010).  
The methodology employed, involved the operation of a mobile laboratory adjacent to the 
railway line. The mobile laboratory contained an array of instrumentation for the analysis of 
ambient particle and gas concentrations. CO2 was included in the measurements as a measure 
of the fuel combustion gas content in the sample. The measurements were conducted in two 
campaigns lasting for a total of 7 days, the first lasting 4 days was conducted between 30th 
August and the 3rd September 2007 and the second lasting 3 days was conducted between 11th 
February and the 14th February 2008. The results for the two campaigns were treated as a 
single group of measurements for analysis purposes. 
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3.5 Measurement of Chemical Concentrations in Rocklea  
Data acquisition reported here was done in Rocklea, a suburb located about 10 km South 
West of Brisbane city. The overall acquisition was done as follow. The PM2.5 (particles with 
aerodynamic diameter less than 2.5 µm) samples were collected on Teflon filters (PALL Life 
Science, Pall Corp., Ann Arbor, MI) using an IMPROVE cyclone sampler adapted for the 
Aerosol Sampling Project (ASP) (Australian Nuclear Science and Technology Organisation 
(ANSTO), Sydney, NSW) at a height of 1.5 m. This PM2.5 cluster included, amongst other, 
the chemical elements such as vanadium (V), nickel (Ni), chlorine (Cl), sulfur, and black car-
bon (BC). Twenty four hour samples were collected from the Rocklea site on Wednesdays 
and Sundays from midnight to midnight between June 2007 and June 2010. However, for the 
purpose of the current study, and also because of lack of comparison data, only data during 
the year of 2009 were used. 
During the year of 2009, there were about 100 daily data sets obtained. These data sets con-
stituted of concentrations of vanadium (V), nickel (Ni), sulfur (S), chlorine (Cl), and black 
carbon (BC).  
Data on the wind speed and direction were available, with hourly temporal resolution, for 
nearly all days during the year 2009, so that there were total of more than 2400 individual 
hourly wind directions and wind speeds were recorded. 
Data of chemical concentrations and wind directions and speeds are provided in Table S 9 
provided in the Supplement of this thesis. 
3.6 Results and Analysis  
Results and analysis from three sub projects, which constitute this PhD research project, are 
presented in depth in chapters 4, 5, and 6 for Project 1, Project 2, and Project 3 correspond-
ingly. The formats of the result presentations in these chapters follow the format for journal 
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publication, due to the nature of the study, which is a study by paper publication. Therefore, 
chapters 4 to 6 contain materials which are submitted for publications, and are referred to as 
Paper 1, Paper 2, and Paper 3, correspondingly.  
In general presentations in these chapters are constituted reviews over relevant literature and 
previous works, methodology, results, discussions, and conclusions. 
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Abstract  
A method for investigating ship emissions, known as the plume capture and analysis system 
(PCAS) is described. The PCAS is applied to the task of measuring airborne pollutant emis-
sion factors (EFs) and particle size distributions aboard two dredgers, although the technique 
is also suitable for remote measurements. EFs were measured relative to the fuel consumption 
using the fuel combustion derived plume CO2. Each measurement typically took 6 min to 
complete and during one day, 40-50 measurements were possible. EFs for particle number 
(PN), NOx, SO2, and PM2.5 were independent within a targeted dilution factor range of 50-
1000 suitable for onboard and remote sampling. 
For the Amity, the EF ranges were PN: 2.2െ9.6ൈ1015 (kg-fuel)_1; NOx: 35െ72 g (NO2) (kg-
fuel)-1, SO2: 0.6 െ 1.1 g (SO2) (kg-fuel)-1 and PM2.5: 0.7െ6.1 g (PM2.5) (kg-fuel)-1. For the 
Brisbane they were PN:1.0െ1.5ൈ1016 (kg-fuel)-1, NOx: 3.4െ8.0 g (NO2) (kg-fuel)-1, SO2: 
1.3െ1.7 g (SO2) (kg-fuel)-1 and PM2.5: 1.2െ5.6 g (PM2.5) (kg-fuel)-1. 
Particle number emission factors as a function of size as well as the count median diameter 
(CMD), and geometric standard deviation of the size distributions are provided. This size dis-
tributions were consistently uni-modal in the range below 500 nm for both vessels, and this 
CMD always lay within the accumulation mode range. 
Keywords: PCAS, Emission factor, Particle number concentration, NOx, SO2, PM2.5, Size 
distribution, Dilution ratio 
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4.1 Introduction  
Gaseous and airborne particle emissions from ships have drawn increasing attention in recent 
years due to their impacts on the environment and potential long term harmful effects on hu-
man health (Chen et al., 2005; Cooper, D. A., 2001; Corbett & Koehler, 2003; Corbett, J. J. 
& Farrell, 2002; Corbett, James J. & Fischbeck, 1997; Isakson et al., 2001). Emissions from 
ships have been far less regulated than emissions from land based transport (Cooper, D. A., 
2001; Cooper, D. A., 2005; Corbett & Koehler, 2003; Corbett, J. J. & Farrell, 2002; Eyring, 
2005; http://www.epa.gov/otaq/oceanvessels.htm#regs, 2008; Streets et al., 1997; USEPA-
OTAC, 2012), and as a consequence, considerably less data exists concerning them. Although 
this has occurred largely because ships operate for much of the time in areas remote from 
human habitation, significant time is spent in and around ports located adjacent to population 
centres. 
Despite a relatively small global number of ships in comparison to the large numbers of land-
based transport vehicles in use, pollution from ships is a significant issue. Large ships are 
usually powered by two or four stroke diesel engines which emit large quantities of airborne 
pollutants. The power required to propel these ships at sea necessitates the use of engines 
with very large displacements. A typical medium to large ocean going ore carrier or oil tanker 
having a deadweight of 200,000 tonne may have an engine displacement of 15 kL, and con-
sume fuel at a rate of 0.175 to 0.225 kg.kWh-1 (Corbett, James J. & Fischbeck, 1997; 
Wärtsilä-Ltd, 2012). In contrast, a typical mid size motor car has an engine displacement of 
only 2 L. Furthermore, the volume of shipping trade is expanding at an increasing rate with 
the advancement of global free market trade (IMO, 2009). According to a study conducted by 
the US EPA on bunker fuel use (Corbett & Koehler, 2003), demand for diesel fuel for ship-
ping has risen significantly in recent years, and has the potential to reach 500 million tonnes 
per-year by 2020 from a current demand of 380 million tonnes. Finally, most large ships use 
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residual fuels as a way of improving fuel economy. Such fuels typically have very high sulfur 
content. The sulfur content may be as much as 4.5% in some cases (Fridell et al., 2008). Typ-
ically the SO2 EFs for bulk freighters on a per kg of fuel basis, at 54 g(SO2).(kg-fuel)-1  
(Cooper, D. A., 2001), are around 130 times higher than those of an average motor car. This 
is based on per-km SO2 EFs for motor cars of between 0.02 g(SO2).km-1 (Hung-Lung, 2007; 
Isakson, et al., 2001) and 0.031 g/km (Corbett, J. J. & Farrell, 2002; Romilly, 1999).  
While various research groups have endeavoured to assess ship emissions and their impact on 
human health and the environment, the quantitative knowledge in this field remains frag-
mented. According to some authors, global sulfur emission from all transport modes amounts 
to approximately 13.0 Tg SO2 per annum, of which 16% is caused by petroleum fuelled 
transport, and a further 5% by transport using other fuel types. (Corbett, James J. & 
Fischbeck, 1997; Harris & Maricq, 2002). Other authors have found a significantly lower to-
tal emission, ranging from 7 to 8.5 Tg SO2 (Endresen et al., 2005). In a later study, Corbett 
and Koehler (2003) highlighted the existence of such discrepancies in reported values and 
hypothesised that they are due to disparities between fuel use statistics and actual fuel usage. 
In order to address these discrepancies, Endresen et al. (2005) suggested the establishment of 
a reliable baseline of ship emission levels, on both regional and global scales, using recog-
nised modeling approaches and highly detailed input data. 
To develop a better understanding of ship emissions, large scale quantification of ship emis-
sion factors is necessary. Emission factors are most commonly expressed in term of how 
much of a gas or particulate species (x) is emitted per unit mass of fuel consumed (g(x).(kg-
fuel)-1). They may also be expressed in terms of the quantity of gas or particles emitted per 
unit of energy produced by the engine (g(x).kWh-1). A method developed Hobbs et al. (2000), 
for calculating the EFs of NOx and SO2 from an engine is particularly useful when the fuel 
consumption rate is unknown. According to that method, the EFs of these two species are de-
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termined by comparing their concentration in the plume with the CO2 concentration in fuel 
combustion exhaust. 
Marine diesel engines can be broadly classified according to engine operating speed, as slow 
speed diesel (SSD: engines with speeds between 60 - 300 rpm), medium speed diesel (MSD: 
300 - 1000 rpm), and high speed diesel (HSD: 1000 - 3000 rpm) (Cooper, D. & Gustafsson, 
2004). The main engines used in most ships fall within the SSD or MSD range, and auxiliary 
engines tend to fall into the MSD or HSD ranges. 
A number of other studies have highlighted the relationship between vessel speed, engine size 
and the emission factors of gasses and/or particulate matter. A study by Fridell et al. (2008) 
reported NOx EFs ranging from 10 to 20 g(NOx).kWh-1 in ship emission plumes. The authors 
found that this was dependent on both a ships speed and the age of its engine. Lower EFs 
were associated with a faster speed and a newer engine. Sinha et al. (2003) found that larger 
engines have a higher NOx EF per unit fuel consumed than smaller ones. Carlton et al. (1995) 
on the other hand, concluded that the NOx emission does not follow any particular pattern, 
except that it is dependent on the operational mode of the engine, i.e.; on its load and speed. 
Chen et al. (2005) investigated the EFs of various chemical species in ship exhaust plumes, 
using the aforementioned method of Hobbs et al.. Overall, the EFs for NOx and SO2 were 
20±8 g(NOx).(kg-fuel)-1 and 30±4 g(SO2).(kg-fuel)-1, respectively. It has also been shown 
that slower vessels emit more polycyclic aromatic hydrocarbon (PAH) than their faster coun-
terparts (Cooper, D. A., 2001; Sarvi et al., 2008a). 
Most studies agree that the SO2 emissions from ships are only dependent on the sulfur con-
tent of the fuel being used by the vessel (Cooper, D. A., 2001; Cooper, D. A., 2003; Corbett, 
J. J., 2003; Corbett, James J. et al., 1999; Fridell, et al., 2008; Sarvi, et al., 2008a; Sarvi et al., 
2008b; Sinha, P., et al., 2003). The SO2 EF can be estimated directly from the fuel sulfur con-
tent (FSC) as EF(SO2)=20.FSC, where FSC is expressed in percent sulfur by weight, and 
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EF(SO2) is expressed as g(SO2).(kg-fuel)-1 (Carlton, et al., 1995). This formula was assumed 
to be valid for engines operating at low (< 500 RPM) to medium (500 to 1000 RPM) speeds. 
All of the aforementioned studies of ship emissions focused on gaseous and particle mass 
emissions; however ultrafine particle (UFP) emissions (particles with diameter less than 100 
nm) and their size distributions, which are usually measured in terms of particle number ra-
ther than mass, have received very little attention. This is a significant gap in knowledge be-
cause the health and environmental effects of particles, as well as their dispersion and fate are 
all dependant on particle size. 
In regards to health effects, aerosol particles, especially UFPs, have been the subject of nu-
merous studies due to the tendency of smaller particles to deposit deep in the lung, leading to 
adverse inflammatory responses (Gilmour et al., 2004; Kennedy, 2007; Warheit et al., 2008). 
Franck et al. (2011) and Chio et al. (2008) have highlighted the particle size dependant ef-
fects of UFPs on children’s respiratory systems, following indoor aerosol exposure. Numer-
ous studies have also related UFPs generated by combustion engines to human health effects 
(Englert, 2004; Martuzevicius et al., 2008; Morawska et al., 2008; Polichetti et al., 2009). A 
comprehensive review relating the exposure to ultrafine particles to the adverse human health 
effects is given by Heal et al. (2012). 
In regards to environmental effects, UFPs particles play an important role in climate by con-
tributing cloud condensation nuclei (CCN) for cloud droplet formation. CCN are a necessary 
precursor for cloud droplets to form, so the introduction of large numbers of hygroscopic 
CCN into the pristine remote marine environment where such nuclei are relatively rare, can 
have dramatic effects on the cloud formation processes in that environment (Andreae & 
Rosenfeld, 2008; Durkee et al., 2000; Kulmala & Kerminen, 2008; Targino et al., 2007). 
Given the vast expanse of the remote marine environment, airborne particles from ship emis-
sions influence the planetary albedo not only through the direct effect of light scatter and ab-
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sorption by the particles themselves, but also by the indirect effects, of modifying low alti-
tude maritime stratus clouds to produce an increase in reflectivity, and by prolonging cloud 
lifetimes (Ferek et al., 1998; Peng et al., 2002). Both of the so-called indirect effects result in 
a negative radiative forcing (Kokhanovsky et al., 2006; Schreier et al., 2006). A comprehen-
sive review (Lohmann & Feichter, 2005) includes discussion of a number of effects that 
UFPs can have on the atmosphere via the direct and indirect effects (Twomey, 1974). The 
effects of ship emission on climate forcing above oceans were also studied by Capaldo et al. 
(1999) and Lauer et al. (2009), where the results indicated that ship emissions had contribut-
ed significantly to anthropogenic perturbation of the Earth’s radiation budget. Ultrafine parti-
cles from shipping are therefore of considerable interest in climate modeling, and the global 
quantification of these emissions in terms of total particle number, and as a function of parti-
cle size, is an important goal in improving our understanding of the anthropogenic influences 
on climate. 
Kumar et al. (2013) reviews various aspects of nanoparticle emissions from eleven non-
vehicle exhaust sources (NES), including ship emissions. The authors stressed the important 
of paying attention to the non vehicle sources, and the needs for more research to be conduct-
ed, due to their level of emissions compared to the emission from road vehicles. 
The above discussion on the climate and health impacts of particles formed in the engine and 
in the plume, point to a scientific need to measure them in situ under real world operating 
conditions, after the exhaust has exited the stack, and equilibrium is established in the gas 
versus particle mass balance. From a practical perspective, there is also a need to develop a 
technique suitable for remote opportunistic sampling so that large numbers of ships can be 
rapidly assessed. The aim of the study was therefore twofold: Firstly to use the PCAS method 
to measure the particle number emission factors and their size distributions, and secondly to 
demonstrate the PCAS method at similar plume dilution levels to those expected for sampling 
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from remote platform such as a low altitude aircraft. Such remote sampling would in future, 
permit large numbers of ships to be examined on busy and accessible coastal shipping routes. 
In addition to particle number emissions, other species including NOx, SO2 and particulate 
mass were targeted in the study in order to provide a full assessment of the emissions and to 
facilitate comparisons of the results obtained by this method with comparable results in the 
literature across a wider range of pollutants. 
4.2 Experimental Methods 
4.2.1 The operations of the dredgers  
The Port of Brisbane is a mid-sized international port located in the eastern part of the city, in 
the mouth of the Brisbane River.  This port is visited by 7-10 ships each day, equating to over 
2500 ships annually, and is one of Australia’s fastest growing container ports (Maritime 
Safety Queensland, 2012). In addition to its function as a transport hub, the port conducts 
dredging operations to maintain channel profiles and to reclaim land around the port. The 
vessels involved in these dredging operations were the focus of the current measurements. 
The project was conducted in two measurement campaigns. The first, conducted in January 
2009, focused on the emissions of the cutter suction dredger Amity. The second, conducted in 
late June and early July 2009, focused on the hopper suction dredger Brisbane. These two 
dredgers were targeted firstly because they constitute major sources of airborne emissions 
associated with the Port’s activities, and secondly because of their availability. 
The methods and areas of operation of the Amity and Brisbane are described in more detail in 
the supplemental file under the heading: Details concerning the operation of the dredgers. 
4.2.2 Instrumentation 
The following instrumentation was used during the measurements for this study: A Scanning 
Mobility Particle Sizer (SMPS) to measure the particle number size distribution, a condensa-
tion particle counter (CPC, TSI 3781, and 3022A) to determine the particle number concen-
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tration, a NOx analyser (Ecotech 9841A), CO2 analyser (Sable instruments), an SO2 analyser 
(Ecotech 9850) and an aerosol photometer (TSI 8520) to measure mass concentration. The 
SMPS used a TSI 3071A electrostatic classifier (EC) with a Kr85 neutralizer (TSI 3077) and 
TSI 3782 water based condensation particle counter (CPC). The SMPS operated within an 
electrical mobility diameter range of 9.31െ437.1 nm. The sheath flow of the SMPS was 6 L 
min-1 and the aerosol flow was 0.6 L min-1. The particle density upper limit was set to be 1.2 
g cm3 and the equipment was also set to use multiple charge correction. The additional CPC 
used to measure total particle number concentration was a TSI 3022A butanol CPC. The 
SMPS scan time was set to 120 s up and 90 s down. 
The remaining instruments’ readings were sampled at the maximum possible rate (CPC: 20 s, 
SO2: 3 s, NOx: 3 s, CO2: 1 s, PM2.5: 3 s). As per their specifications, the actual response times 
and measurement uncertainties for each instrument were as follows: CPC: 13 s, SO2 Analyz-
er: 120 s, ±0.5 ppb; NOx Analyzer: 60 s, ±1 ppb; CO2 Analyzer: 1 s, ±1% of reading, PM2.5 
Photometer: 2 s, ±0.001 mg m-3. The gas analysers were calibrated prior to each campaign 
and regularly zero checked. The CPC and classifier flow rates were determined to be within 
the manufacturers specifications using a bubble flow meter (Gilian Gilibrator-2) and the 
SMPS sizing accuracy was verified using NIST traceable 100 nm PSL spheres prior to each 
campaign. 
4.2.3 The plume capture and analyse system (PCAS) 
The PCAS is a system for collecting and analysing exhaust plume samples when the plume is 
only available for a short time as occurs for example when a mobile point source passes up-
wind of the sampling point. This system was first used to investigate ultrafine particle emis-
sion by aeroplanes in Brisbane Airport (Johnson, G. R. et al., 2008a; Mazaheri et al., 2009). 
The PCAS uses a plume capture device (PCD) to rapidly collect and store a large plume sam-
ple volume. The approach permits the conduct of long duration analysis as is required when 
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using devices such as the scanning mobility particle sizer (SMPS) and the volatilization hu-
midification tandem differential mobility analyser (VH-TDMA) (Johnson, Graham R.  et al., 
2004). In this way, high resolution size distribution and composition investigations can be 
performed even after very brief exposure to the plume. The PCAS also allows the capture and 
analysis of the plume after emission from the stack has occurred thereby fulfilling both the 
scientific and practical requirements outlined above. 
The PCAS includes the plume-sample capture device (PCD) and an array of sample analysis 
instrumentation consisting of the instruments discussed in the previous section. The PCD is a 
200 L grab sampler designed to quickly collect a large volume of air and store it for subse-
quent analysis. The PCD uses a reversible vacuum pump to fill and empty an electrically 
conductive polymer bag, by increasing or decreasing the pressure inside an airtight enclosure. 
The bag which is contained within the enclosure is attached to a probe tube exposed to the 
exhaust plume and is filled by evacuating the chamber. Once filled, the sample is isolated by 
a valve. The instrument array connects to the bag via a manifold so that the contents can be 
drawn for analysis. 
This method allows a portion of the plume to be collected without passing through a pump 
which would potentially modify the particle size distribution and concentration. The volume 
is large enough to accommodate the needs of a wide range of equipment, including gas ana-
lysers, the SMPS and the CPC, which require only a few litres, as well as more demanding 
methods such as the VHTDMA which need as much as 50 L to complete a measurement. 
During previous work on the measurement and remote characterisation of airborne particles 
emitted by aircraft the PCAS captured plumes at distances of up to 100 m from aeroplanes 
during ground level operations (Johnson, G. R., et al., 2008a; Mazaheri, et al., 2009). This 
study is however is the first application of the PCAS to the performance of ship emission 
measurements and modification was required to adapt the system for onboard work. In par-
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ticular, the probe was extended to allow it to reach the plume from the upper deck of the ship 
by using flexible heat resistant tubing attached to a light-weight pole so that the inlet could be 
manoeuvred into the plume for exhaust sampling, or quickly moved to an upwind location for 
background sampling. 
4.2.4 Study design 
In the field, the PCAS was positioned on board the vessel being tested. In the case of the Ami-
ty, the smaller of the two vessels, the PCAS was placed on the main deck where it could be 
readily moved between the Amity’s three exhaust stacks. Two of the stacks were located cen-
trally in close proximity to each other while the third was some 15 m further towards the rear. 
The Brisbane, on the other hand was a much larger vessel with four deck levels and a single 
exhaust release point serving all of its engines. On the Brisbane, the PCAS was located on the 
deck closest to the exhaust stack. 
On each vessel plume sample capture was conducted by commencing the 15 s sample capture 
in ambient air below the plume for 5 s then raising the probe into the plume briefly before 
lowering it again out of the plume for the remainder of the filling process. Typically, the 
probe was in the plume for only 3െ4 s. The time in the plume was increased or decreased as 
necessary to ensure that the sample was well diluted with ambient air, in order to ensure that 
the particle number concentration did not exceed 107 cm-3. This was to prevent excessively 
rapid coagulation of the captured sample. Ambient upwind air measurements were conducted 
regularly to determine the background concentration at the time of measurement. The collec-
tion of one plume sample and one background sample took about 6 min to complete. 
The orientation of the vessel relative to the wind direction was monitored closely, as were the 
locations of on board sources and smaller vessels which occasionally came alongside. The 
orientation of the ship varied continually but slowly, so in order to minimise interference 
from other sources plume and background sampling was confined to times when the wind 
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was clearly arriving from the port or starboard side, rather than blowing along the vessel 
where the potential existed for interference from other onboard sources. 
The Amity was effectively anchored during its operation and during the measurements its en-
gines operated constantly, apart from brief intervals during which the hydraulically operated 
controller was used to advance the dredger further into the area being excavated. In contrast, 
the Brisbane moved up and down the river (steaming activity), dredging (excavating activity) 
and delivering dredged materials to the reclaimed areas (pumping-out activity). For the Ami-
ty, the various activities associating with dredging occur simultaneously, but the exhaust sys-
tems for each system are physically separate so the activities were assessed separately in 
space using emissions from the corresponding stack. For the Brisbane, exhaust associated 
with each activity is released from a common stack but the activities occur sequentially and 
were therefore assessed separately in time. On both vessels the measurements were labelled 
according to the activities that produced the emission as shown in Table 4-1. 
Table  4-1: Activity labels for the Amity and Brisbane. 
Vessel Activity Label Activity Active System  
Amity AE1 Excavating Intake-pump 
 AE Excavating Cutter & hydraulics 
 AD Discharging Discharge-pump 
Brisbane BE Excavating Intake-pump & cutter 
 BS Steaming Propulsion-system 
 BD Discharging Discharge-pump 
 
All plume measurements including CO2, PN, PM2.5, SO2, and NOx were corrected by sub-
tracting background concentrations measured at regular intervals upwind of the stacks. 
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4.2.5 Emission factor calculation 
The EF calculations were performed, using the emission ratio defined as the ratio of the con-
centration enhancement of a component within the plume to the concentration enhancement 
of CO2, in conjunction with an assumed CO2 EF based on the fuel combustion stoichiometry 
for complete combustion. The EF formula differs for particle and gaseous emissions as fol-
lows (Hobbs, et al., 2000) 
For gases, the emission factor is given by the following equation:  
ܧܨሺݔሻ ൌ ܧܨሺܥܱଶሻ ܯ ௫ܹ		∆ܥ௫ܯ ஼ܹைమ	∆ܥ஼ைమ
 
For particle number or particle mass the emission factor is given by the following equation:  
ܧܨሺݔሻ ൌ ܧܨሺCOଶሻ	 1ߩ௔௜௥ 	
ܯ ௔ܹ௜௥		∆ܥே
ܯ ஼ܹைమ	∆ܥ஼ைమ
 
ܧܨሺݔሻ is the emission factor for the species x, and ܯ ௫ܹ is its molecular mass. ∆Cx (mole 
fraction of species x in the air) and ΔCN (number or mass or particles per unit volume of air) 
are the difference between concentration of the species x and its background (ambient) con-
centration. The parameter ρair is the density of ambient air. ܧܨሺܲܰሻ	quantifies how many par-
ticles are emitted per unit mass of fuel consumed. It is expressed in units of (kg-fuel)-1. The 
remaining EFs for gases and particle mass are expressed in units of g(x).(kg-fuel)-1.  
All such EFs expressed per unit consumed fuel mass, assume the 100% conversion of the fuel 
carbon content to CO2. The value of EF(CO2) represents the number of grams of CO2 pro-
duced per kg of fuel burned, and is assumed to be a constant for a given fuel type. The value 
of EF(CO2) depends on the type of fuel being burned, but in the case of diesel fuel it is 3100 
± 15 g(CO2).kg-1 (Chen, et al., 2005; Hobbs, et al., 2000; Johnson, G. R. et al., 2008b). 
The size distribution of the particle number emission factor describes the relationship be-
tween particle number EF and particle diameter. In this work, average particle number EF 
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size distributions for each activity on the Amity and Brisbane were used for comparisons be-
tween activities. 
4.3 Analysis 
Figure 4-1 illustrates the procedure used to determine the plume and background concentra-
tions for a typical plume sample. In this case it is the plume emitted during activity BE (the 
Brisbane’s excavation activity).  
Panel B1 shows the background PN concentration time series recorded prior to the plume 
sample. Background concentrations were typically of the order of 103 or 104 cm-3, which is 
several orders of magnitude lower than the plume sample concentrations. At these back-
ground concentrations, particle coagulation is very low. In fact particle loss in the back-
ground samples was not evident at all in the concentration time series, therefore the concen-
tration time series average was used to represent these background samples. 
In the case of the plume sample where the concentration was much higher, coagulation losses 
were significant. In order to correct for particle losses during sample storage, a back extrapo-
lation procedure (see panel B2) was applied to determine the concentration in the plume sam-
ple at the time of capture (tc). This was done by fitting an exponential decay curve to the CPC 
sample (averaging interval centred) concentration time series. More specifically, linear re-
gression was used to fit a straight line to the time series of the natural log of the concentra-
tion. The fitted curve was then extrapolated back to the time at which the sample was cap-
tured. The 95% confidence interval for the fitted curve is also shown in the figure.  
The other panels show the procedure used to determine the concentrations for the other spe-
cies in the plume samples. The delay between time of capture and instrument response has 
two components. Firstly there is a delay between tc (denoted “X” in panel 2) and the time at 
which analysis commences (ta). Secondly there is a delay due to the finite instrument re-
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sponse time. The capture to analysis time delay is variable, because it depends on the time 
taken to move the sample reservoir from the capture location to the analysis instrumentation 
and begin analysis (36 s in the example shown). 
 
Figure 4-1: Illustration of the procedure used to determine the concentrations in the 
plume and background samples (Activity BE). The two dashed vertical lines labelled 
tc and ta indicate the times at which the sample was captured and at which analysis 
was commenced respectively. 
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The instrument response times are fixed and depend on the instrument specifications and av-
eraging time settings. Concentration readings were always taken after the signal had stabi-
lised. The slowest instrument response was that of the SO2 analyser, which took over 2 
minutes to achieve a stable reading.  
The background concentrations were subsequently subtracted from the plume sample concen-
trations to obtain the contribution of the engine to the sample concentrations. The resulting 
EFs for the example presented in Figure 4-1 calculated according to the formulae provided 
earlier, are shown in Table S 6. 
4.3.1 Influence of sample dilution on measurement results 
The concentrations of the samples captured by the PCAS vary depending on the dilution of 
the plume at the point of capture and the amount of additional ambient air mixed with the 
plume sample during the capture process. The dilution in the plume at the point of capture 
also depends on the engine operating conditions, the exhaust flow rate, the wind velocity, the 
rate of plume dispersion, and the distance of the sample capture point from the stack. The ex-
tent of dilution of the plume sample may affect the measured EF if the instruments used to 
perform the measurements do not respond linearly to concentration or if the concentration of 
the pollutant changes during storage. Furthermore, such changes may occur at different rates, 
depending on the sample concentration, for example PN concentration can decrease rapidly 
through coagulation at high concentrations, and considering all of the above, possible de-
pendence of the measured EF on the dilution of the sample was examined. 
4.3.1.1 Target dilution range for remote sampling:  
The relevant target range of dilution to consider for dilution dependence testing was deter-
mined by calculating the expected range of dilution obtainable for remote plume sampling 
using a light aircraft or stationary elevated platform. A target dilution range of 50-1000 is 
achievable in such scenarios based on the following reasoning: 
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Plume dispersion modeling developed by von Glasow, in combination with plume expansion 
coefficients for ships at sea determined by Petzold et al. (2008), show that ships cruising at 
typical speeds in the range 33-40 km/h (18-22 knots), will leave plumes with dilution factors 
in the range 50-1100 at distances within 150-1000 m of the stack (Petzold, Hasselbach, et al., 
2008; von Glasow et al., 2003). A light aircraft may be used to sample such a plume while 
flying at 200 km/h (108 knots) along the plume trail. Such an aircraft may collect plume 
samples within this dilution range for up to 4.5 s, yielding an average dilution factor of 500.  
Plume capture sampling has also been successfully performed at distances from 50 m to more 
than 100 m downwind of the source (Johnson, G. R., et al., 2008b). Therefore, as an alterna-
tive to the aforementioned airborne approach, sampling could be conducted at distances of 
57-140 m downwind of large ships during light winds of 5-15 km/h, provided that a suitable 
elevated platform is available. Recalculation of the plume dilution range to match these sam-
pling conditions yields a similar dilution factor range to that estimated for the aircraft based 
sampling method. A target dilution range of 50-1000 allows for both approaches. 
4.3.1.2 EF versus dilution Relationship Testing 
In order to test for a relationship between EF and dilution within a target dilution factor range 
of 50-1000, linear regression was performed on each EF versus the dilution factor. The corre-
lation was assessed at the 95% significance level. Total independence of the EF from dilution 
ratio is not possible. The more realistic situation is to have a weak, or statistically insignifi-
cant, correlation. In anticipating the particle number concentration losses due to coagulation 
and deposition, which might occur between the time of capture (tc) and the time when analy-
sis started (ta), it was necessary to conduct a particle loss correction. The loss correction was 
performed using exponential decay curves fitted to the concentration versus time data plots, 
by extrapolating back in time to obtain the concentration values at tc. Before performing this 
procedure the time values for the PN data were adjusted to represent the averaging interval 
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centred time (rather than end of averaging interval time) by subtracting 10 seconds from the 
logged time values. This correction is necessary in order to avoid overestimating the concen-
tration at tc. Such adjustments were not required for the other time series data as backward 
extrapolation was not needed for those measurements. 
The following is assumed when estimating dilution factors: diesel engines operate with an 
excess of air, with the CO2 concentration in the diesel exhaust ranging from 2 to 3 %, at low 
power operation, and 10% at high power operation (Corbett, J.J. et al., 2007). Engine loads 
varied with the activity on the Brisbane (75% variation in the load from the average value). 
In the case of the Amity engine load data was not available. However, variations in load were 
evident through engine speed data. Activity AE1 showed a 2% variation in engine speed with 
respect to the average speed, while activity AE2 and AD showed only 0.5% and 0.6% varia-
tion. Based on their small apparent variation in engine speed, activities AE2 and AD ap-
peared to be the most suitable for assessing the impact of dilution on the measured EF values. 
For the purposes of the analysis the CO2 concentration in the exhaust of the dredgers was as-
sumed to be a constant 6.5 %, which based on the above, is the midpoint within the low to 
high power range. 
The constant engine speed observed during activities AE2 and AD throughout the emission 
factor testing implies that these activities involved the most consistent engine load, and there-
fore best meet the constant exhaust CO2 concentration criterion needed to test for the effect of 
varying the sample dilution on the EF measurement process. The results of the correlation 
analysis and significance testing for potential correlations between each type of EF and the 
plume dilution factor are presented in Table S 4. This table shows that for the constant RPM 
activities AE2 and AD, for dilution factors within the target range of 50െ1000, none of the 
potential relationships between EF and dilution factor were statistically significant within a 
confidence interval of 95%. The lack of a statistically significant correlation implies that the 
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observed variance of the EF measurement cannot be attributed to the dilution factor variance. 
Hence correction of the EFs in order to account for the influence of dilution during remote 
measurements is not warranted. It was therefore concluded that the EF can be considered in-
dependent of dilution in the target dilution range (50െ1000) for the proposed remote sam-
pling schemes discussed earlier. 
4.4 Results and Discussion 
4.4.1 Results 
The EF determined for PN, NOx, SO2 and PM2.5 for the Amity and Brisbane are presented 
graphically in Figure 4-2 below and numerically in Table S 7 of the supplemental file. The 
corresponding Count Median Diameter (CMD) for the emitted aerosol size distribution is also 
provided at the top of Figure 4-2. The activity labels used in Figure 4-2 and elsewhere in this 
paper were previously defined in Table 4-1. Results previously presented by other researchers 
are included in Figure 4-2 for comparison. 
Figure 4-3 presents the average particle number EF size distributions (EF-SD) for each activi-
ty associated with dredging by the Amity and Brisbane. The corresponding cumulative EF-
SDs are also shown to allow EFs within any particle size range to be readily calculated. For 
the purpose of visually comparing the modalities of the activities the average particle number 
EF SD for the Amity and the Brisbane are also presented in a single graph in Figure 4-4. 
The curves in Figure 4-4 representing the size distribution of EF(PN,D) for the activities of 
the Amity and Brisbane show that all CMDs associated with the Amity’s engine emissions for 
the various activities were larger (94-131 nm) than those for the Brisbane (58-80 nm). Table 
4-2 presents values of fit parameters, including the geometric standard deviation (GSD) ob-
tained by fitting a lognormal distribution to the average of the experimental curves for each 
activity. 
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4.4.2 Interpretation of results 
4.4.2.1 NOx emission 
As seen in Figure 4-2, the engines on the Amity had moderately lower particle number EFs 
than those observed for the Brisbane but higher NOx emission factors. As discussed earlier, 
the engines of the Amity and Brisbane all fall within the HSD or upper MSD category. In 
many cases lower speed engines are accompanied by higher particle number EF than their 
higher speed counterparts (Fridell, et al., 2008; Lack et al., 2009; Williams et al., 2009). The 
results for the Amity and Brisbane support this finding. The engines on the Amity operated at 
around 40% higher speed (RPM) than those of the Brisbane Table S 5 and exhibited on aver-
age a 44% lower EF(PN). 
 
126 
 
                  
 
Figure 4-2: CMD and emission factors for PN, NOx, SO2, and PM2.5 associated with activities of 
the Amity and Brisbane. The activity labels on the horizontal axis were defined in Table 4-1. 
Error bars represent 95% confidence intervals in the case of the Amity and Brisbane. In the 
case of Sinha et al. and also for Chen et al. they are standard deviations while in other cases 
they are the range of the reported values. *Total PM. 
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As can also be seen in Figure 4-2, the NOx EFs measured for the Amity and Brisbane fall 
within the ranges previously reported in the literature. However, those for the Brisbane are 
almost an order of magnitude lower than those of the Amity. NOx formation begins with the 
formation of NO in the combustion cylinder, primarily in the high temperature post flame 
gases before decompression (Heywood, 1988). EF(NOx) is therefore dependent on the com-
bustion chamber temperature because this influences the rate of oxidation of atmospheric ni-
trogen and/or organic nitrogen contained in the fuel. In general, the higher the combustion 
chamber temperature the higher the oxidation rate and the more nitrogen oxides produced. 
Slower speed engines generally permit NOx formation to progress further due to the corre-
spondingly longer residence time at high temperature of the gases in the cylinder. Hence 
SSD, MSD and HSD engines tend to exhibit progressively lower NOx emission factors. The 
medium to high speed engines tested in the current study can be expected to exhibit lower 
NOx emissions than the SSD and MSD powered ships tested by the other researchers. This 
expectation is borne out by the results for the Brisbane but not those of the Amity which are 
higher than might be expected on this basis alone. The reason for the higher NOx emission on 
the Amity is not known, but may be related to the greater age of its engines (20 years) and the 
fact that they are of an earlier design than those of the Brisbane (aged 8 years). 
A trade-off of NOx emission against particle formation is a well established phenomenon in 
engine emissions management (Heywood, 1988) so opposing trends in the emission factors 
of these two pollutants was expected in these measurements. Attempts to reduce NOx emis-
sion usually involve a lowering of the combustion chamber temperature and this inevitably 
leads to an increase in particulate emissions (Heywood, 1988). This effect is typically ob-
served within a single engine when the operating parameters such as exhaust gas recirculation 
fraction or the air fuel ratio is manipulated to reduce NOx emission. The Amity exhibits an 
opposing trend between particulate and NOx formation. The CMD in panel a, the EF(PN,D) 
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in panel b and the EF(PM2.5) in panel c all follow broadly opposite trends to that of the 
EF(NOx) in panel e when compared across activities AE1, AE2 and AD for the Amity. A sim-
ilar effect may occur across activities BE and BS of the Brisbane, however in that case the 
trends cannot be said to be statistically significant. The reason for the trends across activities 
and their associated engines cannot be as clear cut because any anti-correlation is likely to be 
complicated by a variety of factors including differences in engine speed, load (and hence air 
fuel ratio), injection timing, nevertheless it is visible to an extent. 
Table 4-2: CMD (in nm) and GSD for the lognormal fits to the average size 
distributions of the EF(PN,D) for each activity on the Amity and Brisbane 
Lognormal distribution fit parameters for average size distribution 
 Value SE Value SE Value SE 
Amity AE1  AE2   AD  
R2 0.9997  0.99993  0.996  
PN EF (kg-fuel)-1 9.83E+15 2.E+13 9.69E+15 1.E+13 2.20E+15 1.E+13 
CMD (nm) 131.3 0.1 119.7 0.1 93.8 0.3 
GSD 1.757 0.002 1.667 0.001 1.667 0.006 
Brisbane BE  BS  BD  
R2 0.9992  0.98622  0.9973  
PN EF (kg-fuel)-1 9.88E+15 3E+13 1.38E+16 1.E+14 1.49E+16 1E+14 
CMD (nm) 79.5 0.1 66.1 0.4 58.3 0.1 
GSD 1.521 0.002 1.70 0.01 1.407 0.003 
 
4.4.2.2 SO2 emission 
The emission of SO2 arises from combustion of fuel and lubricating oil, both of which typi-
cally contain sulfur compounds. The EFs for SO2 is therefore a function of the fuel and lubri-
cating oil sulfur content and of the lubricating oil consumption rate via combustion in the cyl-
inder. On each vessel the fuel was derived from a common reservoir for all engines. There-
fore a high degree of variability in the SO2 emission factors across activities (summarised in 
Table 4-3) implies a similarly high degree of variability in the rate of lubricating consumption 
or lubricating oil sulfur content across activities. This was especially true for the Amity where 
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the engine driving activity AD produced about twice as much SO2 as AE1 and AE2. Lubri-
cating oil consumption is a major source of airborne emissions from marine diesel engines 
(Miller et al., 1996) and a high sulfur lubricating oil can have considerable impact on the SO2 
emission factor, especially when low sulfur fuels are used. It has also been shown (Heywood, 
1988; Lack & Corbett, 2012) that diesel engines by design consume lubrication oil in the cyl-
inder to neutralise the corrosive products formed from the sulfur in the fuel. This further in-
creases SO2 emission, so the actual fuel sulfur level may be considerably lower than the re-
sults in Table 4-3 would suggest. 
4.4.2.3 Particle emission 
As shown in Figure 4-5 for the Amity and Figure 4-6 for the Brisbane inverse relationships 
were observed between the accumulation mode CMD and the particle number emission factor 
EF(PN). The changes in CMD reflected in Figure 4-5 and Figure 4-6 may be due to varia-
tions in the progress of soot mode particle growth and also to coagulation in the combustion 
cylinder and exhaust system. There are two factors which can lead to variations in soot mode 
growth and coagulation: Firstly, more heavily loaded diesel engines operate at a higher fuel 
to air ratio resulting in an increase in particle number concentrations (PNC) in the cylinder 
and exhaust. This does not necessarily result in a proportionate increase in EF(PN) because 
there is in this case an accompanying increase in CO2 concentration, although an increase in 
EF(PN) might occur due to the slight reduction in combustion efficiency. In any case, the in-
creased PN concentration will be accompanied by accelerated coagulation rates in the cylin-
der and exhaust, so a shift in CMD to larger values should occur with increased load. 
Secondly, slower rotational speeds result in reduced exhaust flow rates with consequent in-
creased residence times in the cylinder prolonging soot mode growth and coagulation. This 
latter effect in isolation would tend to produce a decrease in EF(PN) accompanied by growth 
in CMD, whereas fuel air ratio increase would produce an increase in both variables. The ob-
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served inverse relationship between CMD and EF(PN) is more consistent with the effect of 
reduced engine speeds perhaps accompanying increased load. 
    
 
Figure 4-3: Measured size distribution of the particle number emission factor for 
each activity on the Amity and the Brisbane. (SMPS range: 9.3 – 437 nm). 
                    
Figure 4-4: Size distribution of the particle number emission factor for each activity 
on the Amity and Brisbane. (SMPS range: 9.3 – 437 nm). 
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Exploring these processes in greater depth requires better characterised engine speed and load 
data with good temporal resolution which are lacking in the available data set since this was 
not the aim of the work. The engine loads were tracked by spot recordings at the beginning of 
each plume sample, but engine load varied quite rapidly over a narrow range during individu-
al measurements and the values at the precise times of capture are uncertain. As a conse-
quence of this, no statistically significant relationship was observed between measured load 
and particle number emission factor or CMD.  
Figure 4-6 also shows that increasing EF(PN) is accompanied by decreasing EF(PM2.5). It is 
known that emission factors for PM2.5 are dependent on the completeness of the combustion 
process such that more complete the combustion results in lower emission of PM2.5, (Carlton, 
et al., 1995). Therefore the conclusion that increased EF(PN) and reduced CMD are due to 
improved combustion efficiency under leaner (i.e., lower fuel to air ratio) conditions is fur-
ther supported by these observed simultaneous reductions in the EF(PM2.5). 
A potential alternative cause of the observed relationship between CMD and EF(PN) might 
be coagulation of the sample in the PCAS. This would increase the measured CMD which 
would grow during storage at the expense of the EF(PN). Therefore a method was sought in 
order to test this possibility. The rate of coagulation in an aerosol increases with increasing 
particle number concentration, resulting in an increase in CMD and moderation of the particle 
number concentration increase. It was therefore assumed that if the coagulation rate was 
found insufficient to alter the CMD or the EF(PN) over a range of different captured PN con-
centrations, it should be appropriate to assume that the impact of coagulation on the measured 
CMD must be negligible. The possibility could be tested by searching for a relationship be-
tween the plume sample dilution and the EF(PN) and also between the plume sample concen-
trations and the CMDs of the exhaust sample accumulation modes. 
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Table 4-3: Sulfur emitted as SO2 per unit mass of fuel compared with fuel 
sulfur specification. 
Activity Label EF(SO2) 
(Researcher) (g(SO2).(kg-fuel)-1) 
Amity  AE1 0.58 
AE2 0.63 
AD 1.14 
Brisbane BE 1.77 
BS 1.49 
BD 1.30 
Others Sinha et al. (high S) 52.20 
Sinha et al. (low S) 2.90 
Hobb et al. (both)
Hobb et al. (low S) 6.00 
Hobb et al. (high S) 89.00 
Chen et al. (low S) 30.00 
Cooper  0.42 
Fridell 
Petzold et al.
 
As discussed previously, the results of the correlation analysis and significance testing for 
potential correlations between EF(PN) and sample dilution for each activity are included in 
Table S 4 of the supplemental file. The results of similar analysis for CMD versus plume 
sample concentration at TOC for each activity are provided in Table S 8. In all but one of the 
activities (AD of the Amity), both types of relationship were statistically non-significant. In 
the case of activity AD of the Amity however, the relationships were in both cases significant 
and strong as measured by the correlation coefficient. This strong relationship was obtained 
even though the range of plume sample concentration examined was quite small when com-
pared to the ranges examined for the Brisbane where no such relationship was found. Fur-
thermore, the concentrations for these AD activity samples were quite low when compared to 
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some examined for the Brisbane. Therefore, coagulation within the stored samples must have 
been especially weak, so it was concluded that in the case of the AD activity, the observed 
relationship must have already existed prior to sample capture. The observed strong inverse 
relationship between CMD and EF(PN,D) is therefore attributed to the emission itself rather 
than being a sampling artefact caused by coagulation during storage. Hence the strong inverse 
relationship between CMD and EF(PN) is attributed to decreasing combustion efficiency un-
der richer combustion conditions at increased load being accompanied by higher precursor 
and particle concentrations in the cylinder and exhaust system and hence greater rates of soot 
mode growth and particle coagulation. This results in an increased CMD but reduced EF(PN) 
at greater loads. 
      
Figure 4-5: CMD of the number size distribution versus particle number EF for 
plume samples collected from the Amity. 
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Figure 4-6: CMD of the number size distribution versus particle number EF for 
individual plume samples collected from the Brisbane. 
4.4.3 Comparison with published emission factors 
A comparison of the results from the Amity and Brisbane with results from other studies is 
presented in Figure 4-2 and in Table S 7 of the supplemental file. A range of emission factors 
NOx and SO2 are reproduced from Sinha et al. (2003), Hobbs et al. (2000), Chen et al. 
(2005), Cooper (2001), Fridell et al. (2008) and from Petzold et al. (2008). Note that some of 
those results are presented as ranges as per the original publications. 
Sinha et al. (2003) presented emission factors from two ships using high quality (low sulfur) 
distillate fuel and low quality (high sulfur) residual fuel. They found NOx emission factors of 
22.3 g (NOx) (kg-fuel)-1 and 65.5 g (NOx) (kg-fuel)-1; and SO2 emission factors of 2.9 g (SO2) 
(kg-fuel)-1 and 52.2 g (SO2) (kg-fuel)-1 for distillate and residual fuelled ships respectively. 
The values for EF(NOx) are comparable to those obtained for the Amity. As discussed earlier 
the EF(SO2) measurements reflect in part the sulfur content of the fuel. EF(SO2) was there-
fore much lower for the low sulfur distillate fuelled vessel examined by Sinha et al. When 
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compared to the high sulfur residual fuel burning vessel. It was even lower for the Amity and 
the Brisbane which operated on ultra low sulfur (10 ppm) diesel. The EF(PN,D) results in the 
study conducted by Sinha et al. were also generally higher than in the current study. In the 
current study, no nucleation mode was observed in the particle number size distribution for 
any activity for either vessel. Although the nucleation mode size range was not measured in 
Sinha et al.’s study, the CPC used for their EF(PN,D) measurements was capable of detecting 
particles as small as 3 nm, so it is possible that nucleation mode particles forming due to sec-
ondary particle formation processes in the aged ship exhaust plumes were counted in that 
study. 
Cooper (2001) obtained data from four different ferries, with various engine sizes and load 
conditions and obtained EF(NOx), EF(SO2) and EF(PM2.5) values ranging between 9.5 and 60 
g (NOx) (kg-fuel)-1, 0.81െ1.8 g (SO2) (kg-fuel)-1 and 0.52 g (PM2.5) (kg-fuel)-1 respectively. 
Cooper’s results for NOx and SO2 are comparable to the results presented here but the PM2.5 
results in their study (excluding a gas turbine powered vessel) were lower. 
Fridell et al. (2008) obtained emission factors for three different ships which differed in terms 
of fuel type, engine function and speed. These values were independent of vessel load and 
were generally larger than the results reported by Sinha et al. and by Cooper. The EF(NOx) 
obtained by Fridell et al. was larger than that from either the Brisbane or Amity. As discussed 
previously EF(NOx) depends on exhaust gas residence time in the combustion chamber and 
the NOx emission factor is expected to be higher for slower engine speeds. The observed dif-
ference can be explained by the fact that the ships involved in the former study were equipped 
with slow and MSD engines while those in the current study are equipped with HSD or upper 
MSD engines. 
According to Kittelson (1998), diesel exhaust aerosol consists mainly of carbonaceous solids 
with volatile organic and sulfur compounds. Pyrolysis of unburned fuel hydrocarbons in lo-
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cally fuel rich regions of the combustion cylinder results in 20െ50 nm primary soot particles 
(Heywood, 1988). These primary particles in turn collide to produce the soot aggregates that 
comprise the particles in the accumulation mode, which is so characteristic of diesel aerosol. 
According to Desantes et al. (2005), the accumulation mode particle number increases with 
CMD due to higher coagulation rates when particle number concentration is higher. This does 
not necessarily mean that the EF(PN,D) will increase. In fact, it may fall if the initial primary 
particle production per unit fuel mass burned is constant because coagulation rates increase 
with concentration and that process will act to reduce the final number of particles per unit 
fuel mass burned. 
The CMD of the accumulation mode is dependent on the engine load, with higher loads pro-
ducing a larger CMD (John et al., 1990; Wong et al., 2003). This is associated with larger 
fuel consumption rates with an increase in engine load. Desantes et al. came to a similar con-
clusion, although they conducted a different type of test where fuel injection pressures were 
directly manipulated (Desantes, et al., 2005). This work concluded that higher engine nozzle 
injection shifts the CMD to smaller diameters so as to reduce the accumulation mode particle 
number and increase the nucleation mode particle number. In relating the CMD to the engine 
speed (RPM), Desantes et al. found that the slower the engine rotation speed and hence the 
greater the residence time in the combustion chamber during which soot oxidation could pro-
gress, the greater was the resulting decrease in particle number in the accumulation mode. 
This effect was also visible in the results obtained in the current study, with the higher engine 
speed of the Amity being associated with a much larger CMD than obtained with the slower 
speeds of the Brisbane. 
4.5 Conclusion 
The PCAS method was applied for the first time to the task of assessing gas and particle pol-
lutant emission factors and measuring the particle number emission factor size distribution 
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for ships under real world operating conditions. This technique was shown to be capable of 
performing such measurements for ships operating at sea by using, for instance, a remote 
platform such as a light aircraft. Under such sampling conditions dilution factors in a target 
range 50-1000 are likely to be encountered. 
The technique was tested on a range of activities on two types of diesel powered dredging 
vessel and was found to be an efficient and method capable of yielding consistent emission 
factors and particle size distribution data for ship emissions for dilution ratios between 50 and 
1000 as required for remote sampling. No significant correlation was found between the 
emission factors and the degree of dilution provided that corrections for particle coagulation 
losses in the capture system had been applied. The resulting emission factors are therefore 
effectively independent of the plume sample dilution within the target dilution range. Be-
cause the PCAS method requires no modification to the vessel and can be applied on board or 
from a separate location exposed to the plume, it can be readily adapted to virtually any ves-
sel and is therefore suitable for quickly amassing a large database of real world emissions 
measurements. 
Measurements aboard the dredgers enabled the determination of emission factors for PN, 
NOx, SO2 and PM2.5. These emission factors are presented in Table S 7. The results were dis-
cussed in terms of the operational conditions of the vessels’ engines and compared to results 
obtained earlier by other authors. The (40%) higher engine speeds observed on the Amity ex-
hibited correspondingly (44%) lower EF(PN). Consistent differences in SO2 emission factor 
between activities involving different engines all drawing fuel from a common reservoir were 
repeatedly observed on one of the vessels (Amity), implying that the combustion of lubricat-
ing oil made a significant contribution to SO2 emission for at least one of the engines. A 
strong inverse relationship between CMD and EF(PN) was attributed to decreasing combus-
tion efficiency under richer combustion conditions at increased load being accompanied by 
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higher precursor and particle concentrations in the cylinder and exhaust system and hence 
greater rates of soot mode growth and particle coagulation. This resulted in an increased 
CMD but reduced EF(PN) at greater loads. 
The size distributions for two dredgers tested were consistently uni-modal in the range meas-
ured (below 500 nm). For both vessels this mode was within the accumulation mode range. 
Lognormal distributions fitting the average size distribution of the particle number emission 
factor for the various dredging activities of the Amity were used to extract representative 
CMD, GSD and overall EF(PN) values for each activity. The Amity and Brisbane differed 
significantly in terms of the ranges of these CMD’s. In the case of the Amity the CMD’s were 
in the range 94െ131 nm, while for the Brisbane they were in the range 58െ80 nm. 
A strong correlation was consistently observed between CMD and EF(PN,D) across all activ-
ities on the Brisbane and within each activity examined on the Amity. This correlation was 
attributed to increased coagulation in the combustion cylinder and exhaust system associated 
with reductions in engine speed at increased load. 
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Abstract:  
A technique for analysing exhaust emission plumes from unmodified locomotives under real 
world conditions is described and applied to the task of characterizing plumes from railway 
trains servicing an Australian shipping port. The method utilizes the simultaneous measure-
ment, downwind of the railway line, of the following emitted pollutants; particle number, 
PM2.5 mass fraction, SO2, NOx and CO2, with the last of these being used as an indicator of 
fuel combustion. Emission factors are then derived, in terms of number of particles and mass 
of pollutant emitted per unit mass of fuel consumed. Particle number size distributions are 
also presented.  
The practical advantages of the method are discussed including the capacity to routinely col-
lect emission factor data for passing trains and to thereby build up a comprehensive real 
world database for a wide range of pollutants.  
Samples from 56 train movements were collected, analyzed and presented. The quantitative 
results for emission factors are: EF(PN)=(1.7±1)×1016 kg-1, EF(PM2.5)= (1.1±0.5) g·kg-1, 
EF(NOx)= (28±14) g·kg-1, and EF(SO2) = (1.4±0.4) g·kg-1. The findings are compared with 
comparable previously published work. Statistically significant (p<α, α=0.05) correlations 
within the group of locomotives sampled were found between the emission factors for parti-
cle number and both SO2 and NOx. 
Keywords: train emission, emission factor, particle number size distribution, NOx, SO2, CO2.  
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5.1 Introduction 
Airborne emissions by diesel fuelled engines operating on land are categorised as either on-
road or off-road. Emissions from railway locomotives fall into the second category. Being 
supposedly a relatively clean transport mode, rail transports were not subject to emission con-
trol in the US prior to 1990 (Popp et al., 1999). Due to the rapid growth of the train use for 
goods and passenger transport however, airborne pollution from trains has begun to draw in-
creasing attention. Furthermore it is expected that rail will undergo significant expansion in 
the future and will therefore draw increasing attention from a regulated emission and health 
effects standpoint (Sawant et al., 2007). 
As with all diesel engine airborne emissions, the emissions from railway locomotives affect 
both human health and the environment. The effects are most apparent in areas adjacent to 
and downwind of railway tracks and stations. Because diesel exhaust plumes contain some of 
the most harmful pollutants and greenhouse gases, including NOx, CO2, SOx, volatile organic 
compounds (VOCs), methane and particulate matter (Peltier & Lippmann, 2010) the effects 
of diesel exhaust on the human body and the environment have been repeatedly targeted in 
wide range of investigations (Knibbs et al., 2011; Martuzevicius et al., 2008; Peckham, 2008; 
Riedl & David Diaz-Sanchez, 2005; Swanson et al., 2007; Tsukue et al., 2010; Winiwarter et 
al., 2009). 
Traditionally, diesel airborne emission studies have focused on the above species. However, 
more recently, the target of measurement has included measurement of the particle number 
(PN) concentration(Ban-Weiss et al., 2009; Ban-Weiss et al., 2010; Huang et al., 2012; Liu et 
al., 2011; May et al., 2007; Nickel et al., 2013; Thompson et al., 2004; Zhu et al., 2011). 
Studies in this field also focus on the factors influencing the characteristics of the emission, 
through parameters, such as emission factor and size distribution, and relate them to the oper-
ational modes, or duty cycles of the engines. Emission of SO2, for instance, is known to be 
149 
 
dependent on the sulfur content of the fuel, while emission of other compounds, like the NOx, 
is known to be dependent on the engine conditions and engine load. In the railway industry, 
operating load is commonly specified in terms of throttle notch setting (Transport_Canada, 
2007). The notch system, in the context of locomotives, is a transmission system which 
grades the use of train engine power according to the required speed of the train. This system 
is comparable to the gearbox system used in a car. Normally a train engine uses nine throttle 
positions, the first of which is the idle position. The remaining eight are referred to as power 
positions and these constitute eight notch positions. The first notch is typically used to initiate 
movement. The larger the notch number, the greater the power used by the train, and the fast-
er the train moves. 
Globally rail transport currently comprises about 40% of non-maritime freight transport 
(European-Commission, 2009). Being the most efficient intra-continental transport modality 
in terms of fuel (Davis et al., 2009), and hence CO2 emission, rail transport is likely to under-
go significant expansion in the future. Emissions from the diesel fuelled locomotives widely 
used by the rail transport industry, are however gaining increasing attention from a regulated 
emissions and health effects standpoint (Sawant, et al., 2007), and given the above scenario 
this growth in concern is likely to accelerate. 
Diesel-electric locomotives have electrically driven traction wheels powered by an on board 
diesel fuelled generator (Fritz & Cataldi, 1991). These locomotives are the predominant 
means of propulsion for long haul freight trains. Although relatively efficient in terms of fuel 
consumption compared to direct drive diesel locomotives, they are a significant contributor to 
mobile source emissions; contributing 11% and 4% of the US mobile source emissions inven-
tory for NOx and PM10, respectively (Sawant, et al., 2007). In the European Union (EU-27) 
diesel powered trains contribute 2.0% and 2.8% respectively of mobile source NOx and PM2.5 
emissions (Borken-Kleefeld & Ntziachristos, 2012). In Australia, railways contribute 3.1%, 
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1.8% and 2.5% of mobile source NOx, PM10 (excluding dust emissions from roads) and SO2 
emissions respectively (NPI, 2012). 
Sawant et al. (2007) have provided a comprehensive review of the very limited body of work 
examining emissions from trains, noting the lack of data on speciated gas and particle phase 
emissions. The authors pointed out that the relatively poorly regulated non-road sources are 
now substantial contributors to the total emissions inventory, with diesel locomotives con-
tributing a significant fraction of that inventory in terms of NOx and PM emission.  
A range of remote emission factor and size distribution measurement methods have been de-
veloped for assessing mobile sources under real world operating conditions. These include 
mobile labs and plume capturing techniques. Typically remote measurement methods employ 
very high temporal resolution instruments so that a full instrument response is achieved with-
in the very brief intervals when the plume of a mobile source is accessible (Bishop & 
Stedman, 1996; Hak et al., 2009; Jonsson et al., 2011; Moosmüller et al., 2003), Zhu et al. 
2011). Others have sought to circumvent the problem of transient plume concentrations by 
capturing and holding plume samples for long enough to perform the necessary analysis 
(Johnson, G. R. et al., 2008; Kittelson, D. B.  et al., 2002; Morawska et al., 2007). 
The current study employs a plume reservoir technique to reduce the rate of change ion 
plume concentration, thereby allowing the use of a more readily available suite of instruments 
to be employed for size distribution and emission factor measurements. The approach is ap-
plicable to low frequency mobile sources such as trains provided that the interval of passage 
is less than about 2 minutes. 
This paper addresses an urgent need for rail side measurements of train engine emissions which are 
a serious issue globally. For example in Australia there is a burgeoning coal mining for ex-
port industry which ships large quantities via rail to ports in populated areas. The emissions 
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from these trains are perceived as a threat to the health of residents and hence to coal industry 
viability. 
The approach has been used here to measure the emitted particle size distributions and to as-
sess the emission factors of passing diesel locomotives using remote measurements of a range 
of the mixing ratios of a range of gaseous and particulate pollutants with respect to CO2. Cor-
relations between the various emissions factors are also presented. 
5.2 Experimental Methods 
The measurement campaign focused on the emissions of trains entering and leaving the Port 
of Brisbane. Approximately 73 trains per week access the port, the majority of which (ap-
proximately 60) are loaded with coal for export. The trains typically are driven by 2 
Clyde/EMD 2300 class diesel electric locomotives selected from a pool of 22 driving 41 of 
73-tonne wagons with a typical payload of 1900 tonnes. The locomotives use standard loco-
motive diesel oil with an energy density of 38.6 MJ.L-1 and an end use (i.e. combustion only) 
CO2 emission factor of 69.7 g.MJ-1 or 2.690 kg.L-1 and fuel consumption was in the range 
0.003-0.005 L per gross tonne-km (GTK)(QR-Network-Access, 2002). The specific chemical 
composition of the diesel fuel used by the locomotives was not available in the current study, 
however by referring to the Australian National Standard for Diesel Fuel, it can be inferred 
that the sulfur and PAHs content of the fuel used by the locomotives should not have exceed-
ed 50 ppm and 11% m/m, respectively (Orbital_Australia, 2010). Data on the chemical and 
physical contents of diesel fuel compliant with the Australian National Standard are presented 
in Table S 12 of the supplement. 
The methodology employed, involved the operation of a mobile laboratory adjacent to the 
railway line. The mobile laboratory contained an array of instrumentation for the analysis of 
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ambient particle and gas concentrations. CO2 was included in the measurements as a measure 
of the fuel combustion gas content in the sample. 
The measurements were conducted in two campaigns lasting for a total of 7 days, the first 
lasting 4 days was conducted between 30th August and the 3rd September 2007 and the second 
lasting 3 days was conducted between 11th February and the 14th February 2008. The results 
for the two campaigns were treated as a single group of measurements for analysis purposes. 
5.2.1 Instrumentation 
The mobile monitoring station was equipped with an SMPS (TSI 3934) for particle size dis-
tribution measurements, a condensation particle counter capable of detecting particles larger 
than 7 nm in diameter (TSI 3022 CPC) for particle number concentration measurements, a 
NOx analyzer (Ecotech ML9841A), an aerosol photometer (TSI DustTrak) fitted with a PM2.5 
impactor and sensors for CO2 (Sable instruments) and an SO2 analyzer (Ecotech 9850). The 
data from each of these instruments were continually logged. The photometer was calibrated 
for ambient aerosol at the site using simultaneous measurements of PM2.5 by a Tapered Ele-
ment Oscillating Microbalance (TEOM, R&P 1400A fitted with PM2.5 cyclone). The SMPS 
used a separate CPC (TSI Model 3010) and the sheath and aerosol flow rates of the SMPS 
were adjusted to 3 L.min-1 and 0.3 L.min-1 respectively. The calibration factor used to correct 
the photometer data was derived using the slope of a line fitted to a plot of photometer re-
ported concentration versus that reported by the TEOM. This data was collected over a 3 day 
period at the site. Only data collected during intervals when the wind was from the direction 
of the rail quadrant was used to generate the plot. The only high concentration source in this 
quadrant is from passing trains because the region beyond the railway line is the broad surf 
free expanse of Moreton Bay extending to the 25 km distant Islands of Moreton and North 
Stradbroke with the Pacific Ocean beyond. Therefore the dominant source affecting the cali-
bration by far is the train emission. 
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5.2.2 Study Design 
All instruments were connected to a common sampling manifold drawing air via an averag-
ing reservoir, the intake of which was connected to a tube drawing air from a point approxi-
mately 9 m away from the rail track at a height of 2.5 m above the ground. Thus a record of 
the corresponding ambient data was recorded alternately with the plume data so that appro-
priate background subtractions could be performed.  
The reservoir increases the volume and duration of sample availability for analysis by dilut-
ing the sample with the much cleaner air drawn through the sample inlet immediately prior to 
and immediately after the brief appearance of the plume at the sample inlet. The cylindrical 
reservoir has an internal diameter (D) of 100 mm, an internal length (L) of 1000 mm and an 
internal volume (V) of 7.8L. The inlet and outlet nozzle diameters (d) are both 4 mm. 
Mixing in the system relies on the velocity shear created when a jet of moving fluid abruptly 
enters a quiescent body of similar fluid (Fox & Gex, 1956). Within the laminar jet flow re-
gime the efficiency of that mixing increases rapidly for increasing jet Reynolds numbers, 
however this dependence decreases abruptly when the turbulent regime (Re > 2000) is en-
tered. Previous investigators have shown using a wide variety of fluids that in such jet mixing 
systems, an expanding cone of partially mixed fluid diverges from the flow axis at an angle 
of 24 (Cushman-Roisin, 2013). 
It can be readily shown (Cushman-Roisin, 2013) that the apex of this mixed region cone (the 
jet’s virtual source point) is located at a distance 5d/2 = 10 mm (where d = 4 mm is the inlet 
nozzle diameter) inside the mouth of the injection tube. For the 100 mm diameter reservoir 
used here, such a cone will intercept the walls at a distance 5D/2 = 250 mm (where D = 
chamber diameter) from the apex, or 240 mm downstream from the chamber inlet. A cham-
ber length of 1000 mm is therefore expected to yield a substantially mixed volume in the post 
wall interception region of the chamber. This mixed region has a volume of 0.76V = 5.9L and 
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is assumed to be the effective mixed volume of the chamber for the purposes of predicting the 
sampling reservoir system time response. 
The reservoir transforms a transient high concentration at the reservoir inlet into a slowly 
varying low concentration at the reservoir outlet. The variable required for calculating the 
emission factor is a ratio of two concentrations which are equally diluted, so the magnitude of 
the dilution does not influence the ratio or the resulting emission factor. 
Typically in roadside sampling, the duration of plume availability for characterization is of 
the order of a few seconds (Jayaratne et al., 2007; Kurniawan & Schmidt-Ott, 2006), so the 
time response of each of the sampling instruments is critical. Here the time response of the 
instrument is defined as the time required for the instrument to achieve a stable reading fol-
lowing exposure to a step increase in concentration. If the plume from a passing vehicle is 
present for less than the time required for an instrument to achieve a full response, then the 
maximum concentration reported will be less than the concentration actually present. When 
comparing concentrations for different pollutants, any differences in the response times of the 
various instruments can result in misleading estimates of the mixing ratios (Hansen & Rosen, 
1990) calculated from the instrument readings.  
The response times of the instruments are also important when it comes to separating indi-
vidual sources, because any overlap of the instrument responses for successive events can 
create difficulties in de-convoluting the response peaks. While this is also true for “railside” 
sampling, the greater time interval that usually exists between passing trains compared to that 
for motor vehicles in road traffic, allows for the introduction of an averaging reservoir in the 
sampling line without causing interference between the plumes of successive trains. The in-
troduction of such a reservoir has the effect of increasing the duration of instrument exposure 
to the plume and this can be used to allow the instrument response to develop fully. 
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Figure 5-1 illustrates the configuration and approach used for the railside monitoring. 
Throughout the measurement campaign, ambient air was drawn continuously from the sam-
ple inlet via a 250 mm length of 10 mm (3/8 inch) internal diameter (ID) conductive silicone 
rubber (CSR) (Simolex Rubber Corp) tubing through a 5 L, 100 mm long cylindrical reser-
voir, and then distributed to the array of instruments via 250 mm lengths of 6 mm (¼ inch) ID 
conductive silicone rubber tubing. 
                   
Figure 5-1: Configuration used for collecting samples beside the railway line 
The effect of particle loss through coagulation and wall deposition, due to the extended resi-
dence time in the reservoir on the measured PM2.5 and particle number concentrations was 
examined in the laboratory using diesel exhaust drawn from an 8 m3 aerosol storage chamber 
which acted as the aerosol source for the loss measurements. For PM2.5 the maximum loss 
was 3% and the average was 1%. Particle number losses increased with aerosol concentration 
due to coagulation. The maximum loss was found to be 4.5% at a chamber concentration of 
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4.6x105 cm-3 which corresponds closely to the maximum concentration plume event encoun-
tered in the study. 
The effect of the extended residence time in the reservoir on the recorded NOx concentration 
was tested by comparing the response of the NOx analyser to a range of NO concentrations 
both with, and without the reservoir in place, and using the same gas flow rate occurring in 
the rail side measurements. The results of the comparison showed no significant decrease in 
NOx concentration when the reservoir was used for concentrations in the range 0-0.4 ppm. 
Timko et al. (2009) showed that tube made from silicone rubber may trigger siloxane produc-
tion and reduced the actual amount of CO2. By using similar silicone tube as used in this re-
search, with internal diameter of 17.5 mm and length of 15.2 m, they showed that the CO2 
concentration reduced by about 5%. Assuming similar situation occurring in the current 
measurement, by recalling that one silicone tubing is 250 mm long with an ID of 10 mm, and 
the other is 250 mm long, with ID 6 mm, it has been estimated, that the concentration error 
due to this circumstances is about 0.75 %, which is not significant. 
The plume concentration for each pollutant, prior to entering the reservoir is effectively a step 
function given the slow time response of the monitoring instruments. The background con-
centration in this location, with the wind in the rail quadrant (as it was for all data considered 
in this study), was very well characterised over a series of eight, two week campaigns, con-
ducted seasonally over a two year period. The marine environment backs that quadrant and 
consequently the air consistently shows very low background concentrations except when 
trains are passing. This was verified by assessing the concentrations preceding each individu-
al train emission peak. The mean background concentrations within the rail quadrant during 
the sampling period considered for this study were PN: 1750 cm_3, PM2.5: 3 mgm_3, NO: 
0.0025 ppm, NO2: 0.0035 ppm, SO2: 0.0047 ppm and CO2: 605* ppm. Note that the absolute 
CO2 instrument reading is to be treated with caution. The instrument was chosen for this pro-
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ject because of its rapid (1 s) time response. However, the readings are subject to zero point 
drift during extended sampling. That drift does not affect the concentration difference meas-
urements used in the emission factor calculation, but the absolute concentration reading does 
include an undetermined reading offset of the order of 100 ppm. 
Given the total flow rate of 0.057 L s_1, the reservoir’s 5.9 L mixed volume region should if 
perfectly mixed, yield a time constant of 104 s with respect to a step change in the ambient 
concentration at the inlet. The specific value of the system time constant is not required for 
the emission factor calculation; but an estimate was sought based on a fit of an exponential 
decay curve to the concentrations recorded by the SMPS as shown in Figure 5-2.  
                    
Figure 5-2: Exponential decay curve fitted to the concentrations reported by the 
SMPS after a sudden drop in ambient aerosol concentration from 2.5x105 to 4.1x103 
cm-3 . 
The fitting yielded a value of 97 s for the constant which while smaller than would be ob-
tained for perfect mixing, is nevertheless still of the same order. This implies that the contents 
were at least substantially well mixed within the mixed region of the chamber. As discussed 
earlier in this section; whilst the system remains within the laminar flow regime (jet Re < 
2000), mixing will continue to improve in response to increases in the Jet Reynolds number. 
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The current jet Reynolds number is 1200. Therefore increasing this to around 2000 by reduc-
ing the nozzle diameter from 4 mm to 2.4 mm should produce a time constant closer to the 
theoretical one. 
The concentration in the reservoir falls by around 1.1 % per second when the plume is re-
placed by clean ambient air. The majority of instruments used, which have a better than 5 s 
time response, can be expected to give readings which are not more than 5.6% lower than the 
true value. The SO2 analyzer however, had a 30 second time response and therefore may give 
maximum readings up to 29 % lower than the maximum concentration reached in the reser-
voir. When calculating mixing ratios these uncertainties were included in the calculation of 
the overall uncertainty. 
The SMPS also sampled through the 5 L reservoir at 0.005 L.s-1. The SMPS scans take 125 s 
to complete. Therefore a 76% change in concentration can be expected in the reservoir in the 
full duration of an SMPS scan. However, because a single well defined mode typically occu-
pies only a fraction of a full scan log size range, the relevant portion of the scan correspond-
ing to the mode takes less than 45 seconds and the variation is then less than 40%. 
5.2.3 Emission factor measurement procedure 
Engine emission factors (EF) for each pollutant were determined from the measured emission 
ratio of the pollutant to emitted CO2, in conjunction with the CO2 emission per unit mass of 
fuel consumed, as calculated from the fuel combustion stoichiometry, assuming complete 
combustion. The emission ratio with respect to CO2 is defined as the ratio of the concentra-
tion enhancement in the plume of an exhaust component (Cx), to the concentration enhance-
ment of CO2. Provided that any loss of the pollutant or of CO2 through chemical or other pro-
cesses remains negligible, and the two components dilute equally, and do not separate, the 
emission factor for the specific pollutant derived by this method remains valid for measure-
ments conducted anywhere in the plume. As pointed out by Zavala et al. (2006), the assump-
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tion that all species emitted from the exhaust are equally diluted, is a very good approxima-
tion for the gaseous species, whereas for the aerosol phase, dilution depends on the count 
median diameter of the dominant mode of the emitted particles, and the equal dilution as-
sumption will not hold for very short-lived species due to the potential chemical transfor-
mations occurring before sampling.  We assume that the equal dilution approximation holds 
true for all measured pollutants including the particles. 
5.2.4 Emission factor calculation 
The mass emission factor is calculated using Equation 1 in the case of a gaseous pollutant, 
while the particle number emission factor is calculated according to Equation 2. 
Equation 1: Gaseous pollutant mass emission fact 
22 CO
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MWCOEFxEF
 where: 
EF (x) = grams of pollutant (x) emitted per gram of fuel consumed 
∆ܥ௫ ൌ ܥ௫ െ ܥ௫஻஼	= concentration enhancement in plume for pollutant (x) 
ܥ௫  or ܥ௫஻஼= volume or mole fraction of pollutant gas in plume or background (note: 
V/V=mole/mole = ppm x10-6) 
ܯ ௫ܹ= molecular weight (molar mass) of species x. 
Equation 2: Particle number emission factor 
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ܧܨሺܰሻ = number of particles emitted per gram of fuel consumed 
∆ܥே ൌ ܥே െ ܥே஻஼ = concentration enhancement in plume for particle number concentra-
tion  
∆ܥே	or ܥே஻஼ = particle concentration (cm-3) in plume or background 
ܥ஼ைమ volume or mole fraction of CO2 in plume 
ρ = density of air at ambient condition (g cm-3) 
The CO2 emission factors for hydrocarbon fuels can be calculated accurately from their car-
bon mass fractions. For example, Schulte et al. (1996) found that the CO2 emission factor for 
aviation turbines (jet engines) is known to an accuracy of better than 1% because, almost all 
of the carbon atoms in the fuel end up as CO2, disregarding a negligible fraction of unburned 
hydrocarbons and CO. They showed that, based on the carbon mass fraction, each kg of jet 
fuel contains 860±4 g of carbon atoms. Similarly CO2 emission factors for other fuels includ-
ing diesel can be calculated from their carbon mass fractions. Multiplication of the carbon 
mass fraction of 85% (QR-Network-Access, 2002), by 44/12, the molar mass ratio of CO2 to 
C, gives the CO2 emission factor for diesel fuel (EF(CO2) = 3250 g kg-1). 
5.2.5 Data Classification 
We define a plume event as the detection of an abrupt excursion in the recorded CO2 concen-
tration when the wind is from the rail compass quadrant. The rail compass quadrant is de-
fined, as illustrated in Figure 5-3 as a 90 degree sector, centred perpendicular to the railway 
line. The rail quadrant lies in front of a marine background field, characterized by a stable 
low concentration air-mass for all of the species measured, however occasional nucleation 
events are observed in the marine background air in this region (Johnson, G.R. et al., 2005). 
These marine background nucleation events are readily distinguishable from excursions due 
to train emissions because in the case of passing trains the resulting excursions in particle 
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number concentration are always accompanied by a simultaneous excursion in CO2 concen-
tration which is absent in marine nucleation events. 
            
Figure 5-3: Location of the mobile monitoring station during the measurements 
In all cases the background concentration is set to be the 5th percentile value in the 5-minute 
period prior to the passage of a train. This method of determining background concentration 
is adopted to reduce effect of signal noise. 
5.3 Results and Discussion 
Emission factors were compiled for 56 plume events corresponding to passing trains. On av-
erage 73 trains were expected to pass the site per week so the detection of 56 events suggests 
a success rate of around 77%. The high success rate reflects the fact that the prevailing winds 
at the site have an easterly component so that for a large proportion of the time during the 
measurements the wind was from the railway sector. Plume detection was further assisted by 
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the fact that the background air in the railway sector is of marine origin and is therefore clean 
permitting good contrast between plume and background concentrations.   
Size distribution data was also recorded for passing trains. By sustaining the plume concen-
tration the reservoir time constant of 0.011 s-1 used here allowed the SMPS to complete a se-
quential size distribution scan of plumes which may have been present for only a few sec-
onds. The arrangement used allows a single size distribution mode to be characterized with 
less than 40% distortion over the width of the mode. 
5.3.1 Diesel Locomotive Particle size distribution 
Figure 5-4 shows the size distribution recorded in the plume of a passing diesel locomotive at 
20:19:42 on 1st September 2007. The preceding background size distribution scan and the 
four size distribution scans immediately following the train’s passage clearly illustrate the 
abrupt increase and subsequent decay of the aerosol concentration in the reservoir following 
the momentary exposure of the sample inlet to the plume. The use of the reservoir greatly re-
duces variations in concentration during the 125 s duration measurement (upscan) phase of 
the SMPS scan to produce an accurate representation of the size distribution. The dominant 
mode in the size distribution recorded in the first plume affected scan was characterized by a 
count median diameter (CMD) of 54.4 nm and a geometric standard deviation (GSD) of 1.5. 
During the subsequent 150 s scan interval, these values increased through coagulation by 
2.3% to 55.7 nm, and by 6% to 1.6 respectively. The apparent peak tails at the lower extremi-
ty of each of the scans recorded after the train had passed, are artefacts caused by the short 
(25 s) down scan interval. This is because the down scan interval was not sufficient for all 
particles which passed though the column during the previous down scan to be fully purged 
from the system. 
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Figure 5-4: Size distributions recorded immediately before and after the passing of a train at 
20:19:42 on 01/09/07. Scan times indicate scan start. This is a typical size distribution for a 
passing diesel locomotive. Progressive dilution of the reservoir sample concentration is 
apparent. 
5.3.2 Emission factors 
Figure 5-5 shows the emission factor frequency distributions for all trains detected. The di-
rection of travel, inbound or outbound was not available for all trains, so the emission factors 
include both inbound trains loaded with coal and returning empty trains. Hence engine load 
variance is likely to be a significant contributor to the observed variance in the emission fac-
tors. For example higher NOx emissions are expected to accompany increased engine load 
because the fuel combustion temperature increases with load. Also SO2 emission factors are 
known to depend on fuel sulfur content as well as the lubricating oil sulfur content and it’s 
consumption rate (Miller et al., 1997), with the latter being dependent on engine age and 
wear. Furthermore, lubricating oil consumption increases during transient engine loads so the 
SO2 emission factor is likely to differ for trains passing whilst accelerating when compared to 
trains passing at a fixed speed.  
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Fuel sulfur content was not specifically determined; however assuming 95%  
(US_Environmental_Protection_Agency, 1995) conversion to and emission of fuel sulfur as 
SO2 during combustion, the observed mean SO2 emission factor would imply a mean fuel 
sulfur content of 0.074 േ	0.01% if all of the SO2 was derived from the fuel sulfur. Note that 
not all of the fuel sulfur is emitted in the form of SO2 as about 5% of this may be further oxi-
dised to SO3 resulting sulphate particle formation (Andreasen & Mayer, 2010). Particle mass 
emission factor depends on fuel sulfur content, fuel combustion efficiency and lubricating oil 
consumption rate, while particle number emission factor is highly dependent on fuel sulfur 
content. 
Table 5-1 shows emission factors according to the US Environmental Protection Agency 
(Dincer & Elbir, 2007; US Environmental Protection Agency, 1997) for locomotives manu-
factured in different periods. No such data was available for PN or SO2. Table S 11 shows the 
average emission factors recorded for the trains in the current study. The year of manufacture 
for each of the locomotives detected in the current study was not available but the emissions 
are in closest agreement to those of the post 2004 production line haul locomotives for both 
NOx and PM. 
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Figure 5-5: Histograms for each emission factor 
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Table 5-1: Emission factors (Dincer & Elbir, 2007; US Environmental Protection 
Agency, 1997) for locomotives manufactured in different periods 
 
 
 
 
 
 
 
 
 
*Assuming density of diesel fuel = 820 g.L-1@15°C (QR-Network-Access, 2002). 
#Particulate matter inclusive of all size fractions 
 
Manufacture Year Locomotive Type NOx PM# 
g.L-1 *g.kg-1 g.L-1 *g.kg-1 
1973-2001 (Tier 0) Line-haul 47.02 57.3 1.77 2.2 
 Switch/shunt 69.21 84.4 2.43 3.0 
2002-2004 (Tier 1) Line-haul 36.72 44.8 1.77 2.2 
 Switch/shunt 53.36 65.1 2.43 3.0 
After 2004 (Tier 2) Line-haul 27.21 33.2 0.95 1.2 
 Switch/shunt 40.15 49.0 1.14 1.4 
167 
 
 
 
              Figure 5-6: Graphical presentation of the relationships between emissions factors 
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5.3.2.1 Comparison with other fuel combustion sources 
To place the current results into context, a table of comparative emission factor values for 
some diesel fuel transport combustion sources is provided below. Table S 11 allows compari-
sons to be made between the polluting behaviours of various transport modalities.  
The results for particle number lie between the reported emission factors for heavy duty die-
sel vehicles and those reported for ships. For example the train emission factors are 30% 
higher than those reported by Kittelson et al. (2006) for heavy duty diesel vehicles from dy-
namometer studies but more than 200% higher than those reported by Ban Weiss et al. (2009) 
from a tunnel study of individual vehicle emissions. In contrast the ship particle number 
emission factors published by Sinha et al. (2003) are 130-250% higher than those recorded 
for trains in the current study. 
In contrast to particle number, the current PM2.5 emission factor results for trains are at the 
lower end of the range reported for heavy duty diesel vehicles. The total particulate mass 
(TPM) reported for diesel locomotives and ships cannot be directly compared with PM2.5, 
however they represent a limit which should not normally be exceeded by PM2.5 values for a 
given source under comparable operating conditions. 
The SO2 emission factors appear to follow a similar trend to those for particle number, being 
higher than those for diesel vehicles and lower than those for ships. The NOx emission factors 
however are higher for diesel vehicles and lower for ships. 
5.3.2.2 Correlations between emission factors 
The measurements were conducted on a random selection of locomotives under operating 
conditions ranging from unladen carriage trains up to 41 fully laden carriages with a total 
payload of 1900 tonnes. Furthermore the locomotives used fuels of varying sulfur content 
within the specified range. Therefore no attempt will be made to interpret the correlations in 
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light of particle formation mechanisms. Nevertheless a number of significant correlations 
were detected between the emission factors and these are worthy of note.  
The strength and significance of the various possible correlations are summarized in Table 
5-2 and and the relationships are shown graphically in Figure 5-6. The value of R2 is the square 
of the correlation coefficient which indicates the fraction of the variance attributable to the 
independent variable. 
 
Table 5-2: Strength and significance (p) of correlations between the emission factors. 
Significant correlations shown in bold type 
 EF(PM2.5) EF(NOx) EF(SO2)  EF(PM2.5) EF(NOx) EF(SO2)  
Coefficients R2  p 
EF(PN) 0.15 0.25 0.27  0.021 0.002 0.006
EF(PM2.5)  0.01 0.21   0.572 0.020
EF(NOx)   0.03    0.440
 
Significant correlations were detected between particle emission factors with both EF(NOx) 
and EF(SO2) when particles were measured in terms of number.  Also the particle mass emis-
sion factor correlated significantly with SO2.  
Overall the railside emission factor measurement technique appears to lend itself well to the 
task of routinely collecting emission factor data for passing trains to build up a comprehen-
sive database of real world locomotive exhaust particle size distributions and emission factors 
for a range of pollutants. 
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5.4 Conclusion 
The ability to rapidly implement relocatable emission factor monitoring at many rail side lo-
cations is an urgent problem to which this manuscript presents a very accessible solution by 
utilising widely available pollution monitoring equipment. 
Measurement of the exhaust emissions from railway locomotives operating in the Port of 
Brisbane vicinity were conducted with a 77% success rate for passing trains, clearly showing 
that the approach developed here can be successfully applied to task of performing targeted 
measurements over extended periods. It will therefore find application in gathering both rail 
side concentration and locomotive emission factor data where then is a need for the collection 
of real world emissions data such as in communities near railway infrastructure where rail 
emissions become a concern requiring investigation. 
The average emission factors recorded were as follows: EF(PN)=(1.7±1)x1016 kg-1, 
EF(PM2.5) =1.1±0.5 g kg-1, EF(NOx) =28±14 g kg-1, and EF(SO2) =1.4±0.4 g kg-1.  The 
measurements also included particle number size distributions for the plumes showing that 
the size distribution was dominated by an accumulation mode with a count median diameter 
(CMD) of 54.4 nm and a geometric standard deviation (GSD) of 1.5. 
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Abstract: 
This study demonstrates a novel method for testing the hypothesis that variations in 
primary and secondary particle number concentration (PNC) in urban air are related to 
residual fuel oil combustion at a coastal port lying 30 km upwind, by examining the 
correlation between PNC and airborne particle composition signatures chosen for 
their sensitivity to the elemental contaminants present in residual fuel oil. Residual 
fuel oil combustion indicators were chosen by comparing the sensitivity of a range of 
concentration ratios to airborne emissions originating from the port. The most respon-
sive were combinations of vanadium and sulfur concentration ([S], [V]) expressed as 
ratios with respect to black carbon concentration ([BC]). These correlated significant-
ly with ship activity at the port and with the fraction of time during which the wind 
blew from the port. 
The average [V] when the wind was predominantly from the port was 0.54 ng.m-3 
(91%) higher than the average for all wind directions and 0.85 ng.m-3 (310%) higher 
than that for the lowest vanadium yielding wind direction considered to approximate 
the natural background. Shipping was found to be the main source of V impacting ur-
ban air quality in Brisbane. 
However, contrary to the stated hypothesis, increases in PNC related measures did not 
correlate with ship emission indicators or ship traffic. Hence ship emissions were not 
a major contributor to PNC compared to other fossil fuel combustion sources such as 
road traffic, airport and refinery emissions. 
Keywords: V, Ni, Cl, S, BC, tracer, ship emission, Port of Brisbane. 
 
 
 
178 
 
6.1 Introduction 
The presence of numerous fuel burning sources of air pollution in an urban environment 
complicates the problem of source apportionment for the various urban pollutants. This is es-
pecially true of particle number concentration (PNC or [PN]) where in addition to primary 
particle emissions secondary particle formation processes come into play. The situation be-
comes still more complex in coastal cities where ships burning low quality residual fuel oil 
add to the pollution load. 
Recent studies have highlighted the importance of non-road-traffic sources of increased parti-
cle number concentration at urban sites. Cheung et al. (2010; 2011) studied nucleation events 
in urban (Brisbane City), semi-urban (Rocklea) and road-side sites (Woolloongabba) in and 
around Brisbane and identified the geographic regions responsible for them. They found that 
PNC was significantly influenced by pollution coming from a region encompassing both the 
Port of Brisbane and Brisbane Airport. Both of these facilities were identified as possible 
sources but the authors were unable to determine the predominant source. 
Aircraft are well known as intensive sources of nucleation mode particle formation (Johnson 
et al., 2008; Mazaheri et al., 2009) but shipping has also been suggested as a likely source of 
secondary particle formation precursors because of the high sulfur content of the residual fuel 
oil they burn. A significant increase in PNC associated with ship emissions has previously 
been noted at an urban site within 1 km of a busy shipping terminal (González et al., 2011) 
during favourable winds. Ship emissions may however reduce nucleation rates locally within 
the boundary layer by providing an additional sink in the form of large primary particle sur-
face area concentrations which act as a site for secondary aerosol condensation. More global-
ly they do enhance nucleation in distant clean free-tropospheric regions where increased gas-
eous sulfur compound concentrations can persist after deposition mechanisms such as precip-
itation have depleted the primary particle load (Peters et al., 2012). 
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The crude oil refining process yields high purity volatile gasoline, jet fuel and diesel fractions 
but concentrates unwanted impurities including sulfur vanadium and nickel in a low value 
refining residue which is very widely used as a fuel in international shipping (Agrawal et al., 
2008; Healy et al., 2009). Ship fuel quality is regulated in terms of sulfur content in ports in a 
number of locations including Canada, the EU and California, but to date ship emissions in 
Australian waters and ports are subject only to the global requirements of MARPOL Annex 
VI. This limits fuel sulfur to a maximum of 3.5% except in Emission Control Areas (ECA’s) 
and no ECA’s are currently designated for Australian waters (Goldsworthy & Galbally, 2011). 
Ships using Australian ports are therefore free to, and for financial reasons usually do, use 
impure low cost residual fuel oil and therefore exhibit dramatically higher V, S and Ni emis-
sion factors compared to other local users of fossil fuels (Goldsworthy & Galbally, 2011). 
These impurities can however facilitate the process of identifying ship emissions in ambient 
air. 
Vanadium and nickel (derived from chlorophyll precursors) are the two most abundant metals 
in crude oil, being present at concentrations of up to 340 ppm and 1580 ppm respectively 
(Barwise, 1990; Moreno et al., 2010) and fly ash emitted by large ships burning residual fuel 
oils contains vanadium at concentrations in the range 10-50 mg.g-1. Particles high in V and Ni 
are therefore present in exhaust emissions from facilities where such fuel is burnt and vanadi-
um is a recognised indicator of residual fuel oil combustion emissions (Pandolfi et al., 2011; 
Peltier & Lippmann, 2010; Viana  et al., 2009). 
The V/Ni ratio has been of special interest because of its potential for use as an identifier of 
residual fuel oil combustion. Metals in crude oil are transferred along with sulfur and other 
impurities to the oil refining residues and therefore appear in similar proportions in residual 
fuel oil. Crude oil [V]/[Ni] typically lies in the range 1-3. But the use of [V]/[Ni] as a source 
identifier is limited by the potential overlap in [V]/[Ni] that can occur between mineral dusts 
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and residual fuel oil combustion particles and the possibility that refined fuels derived from 
the original crude oil can also retain the original ratio albeit at much lower concentrations. 
Another element of interest in this study is chlorine (Cl). Chlorine (Cl) found in aerosols from 
coastal areas, including the city of Brisbane, is derived primarily from the NaCl in sea salt 
aerosolised through bubble bursting and wave action (Blanchard, 1983; Chan et al., 1999). 
The presence of elevated [Cl] in PM2.5 indicates that the air parcel was recently over a marine 
or coastal environment. This marine signature will exist alongside emissions subsequently 
injected by coastal industrial sources as onshore winds carry them inland from the coast. 
This study aims to test whether shipping activity at a coastal port is related to elevated PNC 
in urban air at a location far from the port. The specific objectives required to achieve this 
were to: 
(1) Identify signatures sensitive to emissions from sources burning residual fuel oil but not 
regulated domestically fuels. 
(2) Demonstrate signature effectiveness by identifying a known source of airborne residual 
fuel oil combustion emissions. 
 (3) Finally to test the hypothesis that shipping activity is linked to elevated PNC in urban air 
by examining the correlation between the shipping emission indicators and PNC 
6.2 Materials and Methods 
The methodology used is introduced by first describing the geographical relationships be-
tween the suburban measurement site and the industrial sites where elevated levels of fossil 
fuel derived V, Ni and S are likely to be produced. The sample collection methodology is 
then described before giving an overview of the approach to data treatment including the 
wind data classification scheme used. 
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The study was conducted in Brisbane which is mid-way along the east coast of the Australian 
continent. Shipping activity at the Port of Brisbane is dominated by large vessels such as con-
tainer ships and vehicle carriers. A number of potentially confounding emission sources in-
cluding two oil refineries and Brisbane’s main airport also exist in close proximity to the 
Brisbane’s main port which is located in a coastal industrial area to the east of the city. Oil 
refineries are major emitters of sulfur in the form of SO2 and the airport is a strong emitter of 
PN but a relatively weak emitter of SO2 and PM including BC (Mazaheri et al., 2011). 
  
 
 
 
 
 
 
  
 
 
   
Figure 6-1: Map of Brisbane City (Google Maps) and its surrounding areas. The Rocklea 
measurement site is indicated by a star and compass rose. The direction of the line 
connecting Rocklea and the main shipping terminal of the Port of Brisbane lies in a North 
Westerly direction at 43°.  The direction of the line connecting Rocklea and the Brisbane 
Airport Main Runway lies in a North Westerly direction at 38°. 
We conducted air quality measurements in the suburb of Rocklea about 7 km South-West of 
the city centre, as shown in the map in Figure 6-1. When considered from the measurement 
  
46° Oil Refinery A 
53°  Port  Oil  Refin‐
43° Port 38° Airport 
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site at Rocklea, the main shipping terminal area of the Port of Brisbane subtends a compass 
bearing range of 42-45° and is approximately 24 km distant. The main runway of the Bris-
bane Airport is another nearby intensive source of fossil fuel combustion emissions 
(Mazaheri, et al., 2011) subtending a compass bearing range of 37-39°. The port is surrounded 
by flat coastal land and sea for at least 30 km in all directions. 
6.2.1 Particle Number, Black Carbon and Chemical measurements 
Particle number concentration was continuously measured and logged at 30 minute intervals 
by a water-based condensation particle counter (CPC) (TSI 3781) which has a 50% detection 
threshold size of 6 nm. PM2.5 (particles with an aerodynamic diameter less than 2.5 µm) sam-
ples were collected on Teflon filters (PALL Life Science, Pall Corp., Ann Arbor, MI) using 
an IMPROVE cyclone sampler adapted for the Aerosol Sampling Project (ASP) (Australian 
Nuclear Science and Technology Organisation (ANSTO), Sydney, NSW) at a height 
of 1.5 m. Flow rate of the influx was 22 L.min-1. Twenty-four-hourly samples were collected 
from the Rocklea site on Wednesdays and Sundays, from midnight to midnight, between 
June 2007 and June 2010. For the purpose of the current study and because of a lack of com-
parison data only data from 2009 were used. 
During 2009 approximately 100 daily elemental concentration data sets were obtained includ-
ing concentrations of vanadium (V), nickel (Ni), sulfur (S), chlorine (Cl) and black (ele-
mental) carbon (BC). The filter samples were analysed by the Australian Nuclear Science and 
Technology Organisation, Sydney using Ion Beam Analysis. Concentrations of vanadium are 
symbolised by [V], nickel by [Ni] and so on. The chemical concentration time series data is 
provided in Table S 9 of the supplement. 
6.2.2 Wind measurements 
Wind speed and direction was measured with hourly temporal resolution throughout 2009. 
This data is provided in the Supplement section of this paper. All “wind directions” refer to 
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the upwind direction. Wind speed and direction are treated as a single vector quantity (wind 
velocity) for the purposes of calculating average wind directions and magnitudes. Angles are 
designated in degrees, measured from the North (0o) in a clock-wise direction. All compass 
bearings and wind directions including the octants defined below are designated by the cen-
tral angle of the relevant angular range.  
For the purposes of analysing the data the wind directions are classified into 8 equal sectors 
(octants), each subtending an angular range 45° in width and centred at 0°, 45°, 90°,... and 
315°. The octants are designated as the N, NE, E, SE, S, SW, W and NW octants respective-
ly. 
6.2.3 Data Analysis 
Depending on the specifics of the location a number of other emission ratios besides [V]/[Ni] 
can be formulated to assist  in identifying the presence of residual fuel oil combustion emis-
sions in ambient air. Although residual fuel oil may burn with slightly reduced combustion 
efficiency than higher quality domestically available diesel fuels, the carbon content is the 
same. The BC emission factor per unit fuel burnt is typically not more than 80% higher for 
residual fuel oil combustion (Buffaloe et al., 2013; Lack & Corbett, 2012). This contrasts 
with the situation for V, Ni and S where the emission factor for these elements is far higher 
from residual fuel oil, being in proportion to the concentration of the element in the fuel it-
self. The result is dramatically elevated emission factors for V, Ni and S relative to the BC 
emission factor and these differences result in higher than normal ratios of [V]/[BC], 
[Ni]/[BC] and [S]/[BC] ratios in air polluted by residual fuel combustion exhaust, making 
such ratios potential indicators of residual fuel combustion. Furthermore elevated levels of 
the multiplicative product of several of these indicator ratios, for example [V]/BC]x[Ni]/BC], 
will be still more reliable indicators of residual fuel combustion.  
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The product of two or more of these ratios is no longer linearly dependent on the amount of 
residual fuel combustion exhaust present in the sample so the linear dependence must be re-
stored by using the geometric mean of the product instead. For example ([V][Ni]/[BC]2])1/23 
and ([V][Ni][S]/[BC]3])1/3 are used in preference to ([V][Ni]/[BC]2]) and ([V][Ni][S]/[BC]3]) 
respectively. 
Flat coastal terrain surrounds the port to a distance at least 30 km in every direction and ex-
tends to approximately 7 km beyond the measurement site. Straight average back trajectories 
were therefore expected to prevail for airflows travelling between the Port and measurement 
site. The wind speed data (measured hourly) were combined to determine average wind 
speeds and directions corresponding to chemical samples collected over a 24 hour period at 
three day intervals. For the purposes of this analysis it was assumed that the amount of a spe-
cies arising from a specific source such as the port or airport was proportional to the fraction 
of the sample collection time in which the wind blew from the octant containing that source. 
This embodies the additional assumption that during each 24 hour sample collection period, 
the concentration of the species in the air arriving at the sample site depended primarily on 
the wind direction and not the wind speed. Thus, any variations in concentration due to wind 
speed at the source are not specifically taken into account. 
 The daily mean wind velocity vector was thus paired with the corresponding chemical con-
centration data measured on that day. Wind rose octant allocations for each chemical species 
were then determined by assigning each 24 hour chemical sample to the octant containing the 
mean wind direction vector for its 24 hour sample interval. The concentration time series for 
BC, V, Ni, S, Cl as measured at Rocklea are provided in Error! Reference source not 
found. of the appendix, together with corresponding mean wind speed and direction data for 
each sampling time interval. For the N, NE, E, SE, S, SW, W and NW octants there were 1, 
21, 20, 22, 11, 14, 8 and 1 such sample intervals respectively 
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Before the analysis could proceed three outlying data points were removed from the BC data 
as shown in Figure S 2 of the supplement. These were attributed to instrument malfunction. 
6.3 Results and discussion 
The presentation of the results begins by describing the wind conditions throughout the sam-
pling period. This is followed by a description and discussion of the wind rose distribution of 
the relevant species measured at the sampling site focusing on species showing a high level 
of directionality. 
The significance and strength of correlation between each of the various species and indica-
tors and the number of ship visits to the port will then be examined to assess the validity of 
the link between the indicator and shipping activity levels.  
Finally, in order to test the hypothesis that shipping activity is also linked to elevated [PN] at 
the Rocklea sampling site the significance and strength of correlation between [PN]/[BC] and 
ship visits as well as the best ship emission indicators will then be examined. A number of 
possible alternative sources of PN and PN precursor species will also be discussed.  
6.3.1 Wind rose distribution of wind exposure at the Rocklea site 
The prevailing (mean) wind direction at the Rocklea site throughout the sampling period lies 
in the SE octant, however, as shown in Figure 6-2, the wind direction ranged from NE (45°) 
to W (270°) with each octant in that range experiencing cumulative durations in excess of 
200 hours. The site experienced very little exposure from the remaining NW and N octants 
which each registered a single day. Therefore pollutant concentrations assigned to these two 
octants were not considered in the interpretation. 
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Figure 6-2: Site exposure per octant at the Rocklea site (45° resolution). 
6.3.2 Wind rose distribution of [V], [Ni], [S], [PN], [Cl] and [BC] at Rocklea 
The variation of the octant averaged concentrations of each species versus wind rose octant is 
examined in this section. As explained previously these averages are calculated across all 
sampling intervals in which the daily mean wind velocity vector lay within the octant bound-
aries. The wind rose plot for each pollutant is shown in Figure 6-3. 
As expected for an element emitted from the marine environment, Cl dominates the coastal 
octants lying to the east of the Rocklea sampling site and is most prominent in octants within 
the southeast quadrant corresponding to the predominant wind direction in the Brisbane re-
gion. The elevated [Cl] in these eastern octants confirms the assumption that pollutants meas-
ured in Rocklea in winds from eastern octants carry directionally resolvable coastal source 
emissions and hence should similarly contain directionally resolvable pollutants from other 
coastal emission sources including ships visiting the Port.  
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Figure 6-3: Wind Rose distribution of log transformed [V], [Ni], [S], PNC, [Cl] and 
[BC], back transformed for presentation at Rocklea. Error bars depict standard error. 
Error bars are not shown for the NW and N octants which are each represented by a 
single day. 
The average values for [V] are largest in the 45° octant. Evidence of a corresponding lobe for 
both Ni and S is indistinct. The elements emitted at very high rates from residual fuel com-
bustion i.e. [V], [Ni] and [S], all show strong contributions from the Northeast octant where 
the port is located. See Table S 9 in the Supplement for the numerical values. 
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6.3.3 Wind rose distribution of species ratios to black carbon ([V]/[Ni], [V]/[BC], 
[Ni]/[BC], [S]/[BC], [PN]/[BC] and [Cl]/[BC]) as observed at Rocklea 
 The variation of the octant averaged ratios [V]/[Ni], [V]/[BC], [Ni]/[BC], [S]/[BC], 
[PN]/[BC] and [Cl]/[BC] with wind direction is examined in this section. Once again, these 
averages are calculated across the sampling intervals during which the mean wind velocity 
vector lay inside the octant boundaries. The resulting average species concentration ratios for 
the wind rose octants are presented in Figure 6-4 and the corresponding values are given in 
the Table S 9. 
The top left panel of Figure 6-4 shows a very sharply defined lobe in the NE octant with 
[V]/[Ni]=3.15 which is consistent with Moreno’s (2010) finding that winds from shipping 
routes and ports yield PM2.5 with characteristic V/Ni ratios of around 3. A more diffuse lobe 
also ranges across the SW, W and NW octants with [V]/[Ni] in the range 1.7 - 2.4. A similar 
distribution pattern in the [V]/[BC] graph is dominated by the NE octant even more strongly. 
[V]/[BC], [Ni]/[BC],  [S]/[BC] and [PN]/[BC] are all more prominently represented in the 
eastern octants in contrast to the individual species concentrations in Figure 6-3 which 
showed a broader distribution across many wind direction octants. The finding of elevated 
levels of the pollutant to [BC] ratio is consistent with these pollutants being emitted in greater 
proportion to fuel combustion derived black carbon. The ratio is especially prominent in the 
NE octant for vanadium, a finding which is highly suggestive of Vanadium rich fossil fuel 
burning in that octant. 
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Figure 6-4: Wind rose distribution of [V]/[Ni], [V]/[BC], [Ni]/[BC], [S]/[BC], 
PNC/[BC] and [Cl]/[BC] elemental ratios to black carbon as observed at Rocklea. 
Also shown is ([V].[S]/[BC]2)1/2. Error bars depict standard error. Error bars are not 
shown for the NW and N octants which are each represented by a single day. 
6.3.4 Wind rose distribution of ([V].[S]/[BC]2)1/2 ([Ni].[V].[S]/[BC]3)1/3 as observed at 
Rocklea 
Because the elements V, Ni and S are typically emitted in much greater proportion to BC in 
ship engine emissions than in emissions derived from the domestically available fuels used 
elsewhere in Brisbane, we also examined the wind rose distribution of geometric means com-
bining the two indicators [V]/[BC] and [S]/[BC]  and combining the three indicators 
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[V]/[BC], [Ni]/[BC] and [S]/[BC]. As shown in Figure 6-5 both respond most strongly to a 
localised source in the NE octant. 
 
Figure 6-5: Wind rose distribution of [V].[S]/[BC]2)1/2 and ([Ni].[V].[S]/[BC]3)1/3 
as observed at Rocklea. Error bars depict standard error. Error bars are not shown for 
the NW and N octants which are each represented by a single day 
6.3.5 Correlation between potential ship emission indicators and the number of ship 
visits 
The monthly average number of ship visits in the Port of Brisbane during 2009 shown in Fig-
ure 6-6 can be used to confirm the existence of a relationship between the residual fuel oil 
combustion indicators and the fraction of time the wind was in the NE (port) octant as well as 
with ship activity at the Port. 
Effective indicators of residual fuel oil combustion are assumed to show a statistically signif-
icant (݌ ൏ 0.05ሻ and strong (|R| approaching 1) linear correlation with the amount of time the 
wind is in the NE octant containing the port and with the monthly ship traffic intensity. Table 
6-1 summarises the correlation coefficient and statistical significance of these relationships 
for various combinations of pollutant across all octants. 
The previous analysis found a directional response of [V]/[BC], ([V][Ni][S]/[BC3])1/3 and 
([V][S]/[BC2])1/2 to emissions from the direction of the port. As expected the strongest statis-
tically significant relationships to ship traffic intensity at the port were produced by these two 
species combinations. The linear relationships between these variables and the shipping traf-
0.00
0.01
0.02
0.03
0
45
90
135
180
225
315
0.01
0.02
0.03
 sqrt([V].[S]/[BC]^2)
0.000
0.004
0.008
0
45
90
135
180
225
315
0.004
0.008
 ([Ni].[V].[S]/[BC]^3)^(1/3)
191 
 
fic intensity at the Port can be confirmed visually in Figure 6-7. Strong relationships were 
also observed for [V][Ni]/[BC2]1/2 and  [Ni][S]/[BC2]1/2.  These correlations are consistent with 
the expectations for effective residual fuel combustion indicators outlined in the previous 
paragraph. 
     
Figure 6-6: Number of ship visits to the Port of Brisbane in 2009 
(Port_of_Brisbane_Corporation, 2009; Port_of_Brisbane_Corporation, 2010). 
Table 6-1: Correlation coefficient and statistical significance for a linear relationship 
between species combination and ship traffic intensity 
Species Combination R for Species  
combination versus 
Ship Traffic Intensity 
p p<α 
Wind Time in NE 
Octant each month 
0.7 0.01 YES 
[V] 0.32 0.311 NO
[Ni] 0.29 0.36 NO
[S] 0.63 0.0286 YES
[PN] -0.57 0.0695 NO
[BC] -0.18 0.5804 NO
[V]/[BC] 0.64 0.0261 YES
[Ni]/[BC] 0.56 0.0609 NO
[S]/[BC] 0.38 0.2166 NO
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[PN]/[BC] -0.28 0.3992 NO
[Cl]/[BC] -0.33 0.3008 NO
[V][Ni]/[BC2]1/2 0.69 0.0125 YES
[V][S]/[BC2]1/2 0.755 0.0045 YES
[Ni][S]/[BC2]1/2 0.6017 0.0385 YES
[V][Ni][S]/[BC2]1/3 0.727 0.0074 YES
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Figure 6-7: Relationship between monthly average [V]/[BC], [V][N][S]/[BC3]1/3 and 
[V][S]/[BC2]1/2 and the number of monthly ship visits from year 2009. 
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6.3.5.1 Increase in concentration over background 
Table 6-2 shows the numerical increase in concentration contributed by sources in each oc-
tant assuming that the background is represented by the average octant concentration. As pre-
viously explained the NW and N octants are excluded from consideration because they were 
not well represented in the data set. Winds from the NE octant have above average concentra-
tions of Ni, V, S, PN and BC. The most outstanding increase is that of vanadium which is 
0.54 ng.m-3 (91%) higher than the all octant average and 0.85 ng.m-3 (310%) higher than the 
lowest yielding octant considered to approximate the natural background. This implies that 
ships are the major source of vanadium impacting urban air quality in that part of Brisbane. 
Table 6-2: Excess above minimum octant concentration (positive values are in bold). 
*Indicates the highest yielding octant 
 Octant 
Species 0° 45° 90° 135° 180° 225° 270° 315° 
Δ[Ni] (ng.m-3) N/A 0.11 -0.10 -0.14 0.08 0.15* -0.10 N/A 
Δ[V] (ng.m-3) N/A 0.54* -0.24 -0.30 -0.32 0.16 0.16 N/A 
Δ[S] (ng.m-3) N/A 107* 31 -13 -60 -10 -55 N/A 
ΔPNC (cm-3) N/A 170 -190 -480 -310 120 690* N/A 
Δ[Cl] (ng.m-3) N/A -36 53 170* -30 -72 -83 N/A 
Δ[BC] (ng.m-3) N/A 51 -220 -280 -110 400* 160 N/A 
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6.3.6 Relationship between ship emission indicators and other pollutants 
As shown in Figure 6-3, [PN] increases sharply in the NE octant. This shows that a source of 
high [PN] lies in the octant containing the port but neither [PN] nor [PN]/[BC] showed a sig-
nificant correlation with shipping traffic. The source of this increase therefore does not ap-
pear to be related to the port.  
The lack of a statistically significant correlation with ship traffic intensity may be partly due 
to the limited size of the available data set. In a further attempt to detect the influence of ship 
emissions on PNC at the inland site, we sought to remove some of the concentration variance 
caused by sources unrelated to the port. We did this by restricting our analysis to days when 
the mean wind direction lay within the NE octant containing the port. We then focused on the 
correlation between the strongest ship emission indicator from Table 6-1, and each of PNC 
and PNC/[BC]. The strength and significance of the correlations for the linear relationships of 
PNC/[BC] versus [V]/[BC] and PNC/[BC] versus [V][S]/[BC2]1/2 are included in Table 6-3 
and each of [PN] and [PN]/[BC].  The correlation coefficients are extremely weak in each 
case and neither relationship is statistically significant 
  Table 6-3: Relationship between ship emission indicators and other pollutants 
in the NE octant 
 PNC vs  
[V]/[BC] 
PNC vs 
([V][S]/[BC2])1/2 
PNC/[BC] vs 
[V]/[BC] 
PNC/[BC] vs  
([V][S]/[BC2])1/2
R 0.08 0.18 0.1 0.12 
p 0.75 0.5 0.7 0.64 
(p<0.05) NO NO NO NO 
 
196 
 
In contrast to the case for PNC/[BC], restriction of the analysis to the NE octant resulted in 
the indicator species [V], [Ni] and [S] and their ratios to [BC] all correlating positively and 
statistically significantly with each other and with both [V]/[BC] and [V][S]/[BC2]1/2 confirm-
ing a close relationship between these pollutants.  
The contrasting lack of correlation of the PN related variables with the ship emission indica-
tors implies that the major source of variance for [PN]/[BC] is not ship emission related. This 
is not surprising given that the combustion of residual fuel is likely to produce a strong soot 
mode with an associated large aerosol surface area capable of accepting the condensing spe-
cies which would otherwise condense instead through the creation and growth of a nucleation 
mode resulting in a large [PN]. In other words these increased larger particle emissions may 
suppress nucleation mode formation which has a greater tendency to occur in air which is rel-
atively free of existing particle surface area (Burtscher, 2005; Kittelson et al., 1999). The 
blocking of the relatively large number concentrations produced during nucleation mode 
formation would mean that the emission of more particle matter on a surface area (and typi-
cally mass) basis can result in lower PN concentrations relative to an engine operating with 
cleaner fuel. 
 This may resolve a question raised by Cheung et al. (2010; 2011) who studied the nucleation 
events in urban (Brisbane City), semi-urban (Rocklea) and road-side sites (Woolloongabba) 
in and around Brisbane. Cheung et al. identified the sources of ultrafine particles (UPF) re-
sponsible for these nucleation events. One of the conclusions drawn by the authors of those 
studies was that, although the nucleation events were related to local traffic emissions at 
Rocklea, [PN] was also influenced by upwind urban pollution coming from a NE direction. 
This wind direction is of course consistent with the locations of both the Port of Brisbane and 
Brisbane Airport and Cheung et al. identified both facilities as possible sources of the in-
creased [PN]. The fact that elevated [PN]/[BC] does not correlate with ship visits or with the 
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ship emission indicators strongly suggests that it is not related to the port. Furthermore air-
craft are well known as a intensive sources of nucleation mode particle formation (Johnson, 
et al., 2008; Mazaheri, et al., 2009). 
Therefore, while the current study identifies emissions of V arising from the ships in the Port 
of Brisbane in the air at the Rocklea site it also shows that the airport is more likely to be the 
source of elevated PN concentrations previously identified by Cheung et al. 
In conclusion, we have developed signatures sensitive to emissions from sources burning re-
sidual fuel with elevated levels V, Ni and S. These signature were used to identify the source 
octants for high [V], [Ni] and [S] in combustion emissions in ambient air at a distant inland 
location, 30 km downwind from expected sources and to identify source regions on a map. 
The identified source octants encompassed a region containing expected sources including 
the Port and two nearby oil refineries. The absolute contribution of the ship emissions to [V] 
at the inland measurement site was also estimated. 
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7 Discussion and Concluding Remarks 
7.1 Introduction 
The main purpose of this work was to investigate and characterise the emissions produced by 
ships operating in the Port of Brisbane area. This was motivated by the fact that, despite their 
large contribution to global emission levels, ships have received little scientific attention, on a 
local, national and international scale. As explained in Chapter 1, the number of ships world-
wide is relatively small compared to the number of land based transport vehicles, however, 
their contribution to global emission levels is significant. The most prominent factor related 
to ship emissions is its sulfur (S) content, which is generally a lot higher than the levels found 
in emissions from other transport modes. The lack of research into ship emissions has also 
resulted in a discrepancy between international and domestic estimates of fuel use and the 
pollutants they emit. This is exacerbated by the fact that internationally registered ships quite 
often operate in the domestic domain, causing an underestimation of the emissions produced 
by these ships. 
On a national level, there is a lack of research into ship emissions in Australian ports and to 
date, comprehensive local inventories do not exist. Most of the current inventories were com-
piled for industrial requirement purposes, and no significant scientific investigations have 
been undertaken on the effect of these emissions on human health and the environment. Fur-
ther studies in relation to ship emissions, including investigations into nucleation processes, 
spatial and temporal distribution, radiative forcing of the atmosphere etc., have not been re-
ported, and it is this lack of information on many aspects of ship emissions that has led to 
their lack of regulation, which in turn, may lead to serious consequences in future years. 
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In order to achieve the aims of this work, three separate experimental campaigns were con-
ducted. The first experimental campaign comprised direct measurements of ship emissions 
conducted onboard two dredgers belonging to the Port of Brisbane Authority. At the time the 
experiments were conducted, access to other vessels was not possible due to various regula-
tions and restrictions imposed by the port authority and ship operators. In fact, this reality is 
also a constraint in terms of direct scientific research into ship emissions.    
The second campaign was conducted to measure emissions from trains, which operated in the 
Port of Brisbane area, in order to characterize them, and build up databases for emission fac-
tors for various pollutants. As explained in Section 3.1.1, emissions were measured from 56 
of the 73 singular locomotives that passed the entrance to Fishermen Island, Port of Brisbane, 
during a one week campaign. 
The third campaign used data measured in the suburban area of Rocklea, about 8 km from 
Brisbane City and 30 km from the Port of Brisbane. The aim of this experiment was to trace 
the emissions which came from the Port of Brisbane, using vanadium (V) and nickel (Ni), as 
tracers. Correlations were made between these trace chemicals and S concentration data 
measured at the same site. These results were then compared with the particle number con-
centration data reported by Cheung et al. (2010; 2011), who conducted measurements at the 
same site but used a different methodology. 
7.2 The Findings and Their Significances 
7.2.1 From the First Experiment: Ship Emission Measurements 
The use of improved PCAS. The PCAS used in this study was first used by Johnson et al. 
(2008) for measuring aeroplane emissions at the Port of Brisbane. Due to the different type of 
measurements conducted in this work, the PCAS needed to be modified to make it suitable 
for measuring ship emissions in the same environment. For example, the plume capture de-
vice (PCD) had to be fitted with a long flexible polar tubing system, so that it could be posi-
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tioned high and close to the emission plume originating from the ships stacks. The plume was 
then drawn through the heat resistant tubing and stored inside the barrel bag for subsequent 
analysis. These modifications improved the performance and efficiency of the PCAS, in the 
context of this work. For more details on these improvements, see Section 3.1.3. 
Particle number size distribution. Traditionally, aerosol measurements have focused on 
mass size distribution, however, recent scientific findings have suggested that particle num-
ber is more important than particle mass in determining the health effects of airborne parti-
cles. In this work, particle number size distribution, which relates the size (diameter) of parti-
cles to particle number, was combined with emission factor (EF) data, in order to determine 
the particle number emission factor size distribution.  
The results of the size distribution measurements are presented graphically in Figure 4-4, 
with corresponding fit parameters presented in Table 4-2, including their geometric standard 
deviation. Discussion about these results is provided in detail in Section 4.4.1. 
Emission factors. Emission factors describe the amount of gas or particles emitted by an en-
gine for every unit mass fuel consumed. In this work, the term ‘amount’ relates to the mass of 
a chemical or the number of particles. Therefore, emission factors are expressed in g (kg-
fuel)-1 for gas/chemicals, or number of particles (kg-fuel)-1 for particles.   
The emission factor results are presented graphically in Figure 4-2, Figure 4-3 and Figure 
4-6, and numerically in Table S 7. These results are also discussed in detail in Section 4.4.2. 
7.2.2 From the Second Experiment: Train Emission Measurements  
Size distribution. A typical size distribution graph obtained from train emission measure-
ments was presented in Figure 5-4, from which it can be seen that the size distribution of the 
initial plume was charaterised by a CMD of 54.4 nm and a geometrical standard deviation 
(GSD) of 1.5. However, after the150 s scan time, the CMD of this size distribution increased 
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by 2.3% to 55.7 nm. A similar increase of about 6% was also found for the GSD, which in-
creased to 1.6 after the 150 s scan time had elapsed. 
Emission factors.  Emission factor frequencies were presented in Figure 5-5, from which it 
can be seen that the greater the load carried by a train, the higher the emission factors for 
chemicals such as NOx. Similarly, SO2 emission factors were found to be dependent on the S 
content of a train fuel and lubricating oil, as well as the fuel consumption rate, which resulted 
in larger SO2 emission factors under a heavier load. By assuming that 100% of the S con-
tained in the fuel was converted into SO2, and that all SO2 originated from the S from the 
fuel, the S content of the train fuel was estimated to be 0.07 ± 0.01 %. Particle number emis-
sion factors were also found to be dependent on the S content of the train fuel and lubricating 
oil, as well as combustion efficiency.  
Comparisons.  The results of emission factor measurements are presented in Table S 11. The 
particle number emission factors for train engines were found to lie between those for heavy 
duty diesel vehicles and those reported for ships. The train emissions reported here were 
about 30% higher than those of heavy duty diesel emission as reported by Kittelson et al. 
(2006) and more than 200% higher than those of vehicle emission as reported by Ban Weiss 
et al. (2009). On the other hand, ship particle number emission factors published by Sinha et 
al. (2003) were 130-250% higher than those recorded for trains in the current study. 
7.2.3 From the third experiment: Using V and Ni as tracers for ship emission  
Results of the experiment. Presentation of results from the third experiment includes a num-
ber of factors/parameters, such as the wind conditions throughout the sampling period, the 
wind rose distribution related to targeted species, correlations between each of the various 
species, indicators and the number of ships visit to the Port of Brisbane, as well as an exami-
nation of the correlation between the indicators and ship visits. Also included in the presenta-
tion is the testing of an hypothesis relating to the correlation between elevated PN concentra-
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tion measured at Rocklea and the concentration ratio of [PN]/[BC] with the ship visits at the 
Port of Brisbane. A number of possible alternative PN and/or PN precursor sources are also 
discussed.  
As presented in Chapter 6, the areas around Rocklea was described as a circle, and is divided 
further into octants, each encompasses 45o degree arc. Results of the linking between concen-
trations of the targeted species with the wind rose distributions are discussed. 
Wind rose distribution of wind exposure at the Rocklea site. The wind direction measured at 
Rocklea during sampling period ranged from NE (45°) to W (270°), with each octant in that 
range experiencing cumulative durations in excess of 200 hours. The mean wind direction 
lies in the SE octant, as shown in Figure 6-2. The NW and N octants, with average time of 
47.5 hours, contributed only little exposure, and hence the species related to these octants 
were ignored in the analysis.  
The Wind rose distribution of [V], [Ni], [S], [PN], [Cl] and [BC] are presented in Figure 6-3, 
while their corresponding ratios to [BC] are given in Figure 6-4. The inclusion of [Cl] in the 
Figure 6-3 is to justify the assumption that pollutants measured in Rocklea in winds from 
eastern octants carry coastal source emissions, and hence should contain pollutants from oth-
er coastal emission sources, such as ships visiting the Port. In this case, the [Cl] panel, on the 
left bottom panel of the Figure 6-3, shows values that justify the assumption.  
The top left panel in Figure 6-4, presents the ratio of [V/Ni], which has been used as signature 
of ship emissions by other authors (Moreno et al., 2010; Viana  et al., 2009). The [V/Ni] ratio 
obtained in this experiment, being 3.15, is consistent with that of Marino et al. (2010) which 
was around 3, but is lower than those of Viana et al. (2009), which ranged 4-5. 
In the Figure 6-5, results from the use of the [V Ni/BC2]1/2 as well as the use of [V Ni 
S/BC3]1/3 are presented. The elements V, Ni and S are typically emitted in much greater pro-
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portion to BC in ship engine emissions than in emissions derived from the domestically 
available fuels used elsewhere in Brisbane. The wind rose distribution of geometric means 
combining the two indicators indicates, through both panels in the figure, show that the 
strongest indication directs to sources localised in the NE octant. 
The average number of ship visits in the Port of Brisbane during 2009 (see Figure 6-6) has 
been used to confirm the relationship of the residual fuel combustion indicators and the time 
fraction when the wind was in the NE octant. The results are as shown in the  Table 6-1, 
which indicate that the statistically strongest relationship were observed for the [V]/[BC], 
([V][Ni][S]/[BC3])1/3, [V][Ni]/[BC2]1/2 and [Ni][S]/[BC2]1/2. 
The relationship of the monthly ship visits and the various ratios of the chemicals mentioned 
above is exhibited in the Figure 6-7. The relationships obtained were statistically significant 
at α=0.05. The relationships may be a consequence of a strong relationship between wind di-
rection (time in NE octant) and ship traffic, and it is not known if this is due to shipping ac-
tivity that modulates the [V Ni S/BC3]1/3 from the residual fuel combustion. 
Increase in concentration over background. By assuming that the background concentra-
tion is represented by the minimum octant concentration for each species, the Table 6-2 rep-
resents numerical increases of the concentration of each targeted species, with those of the 
NW and N are excluded because they are not well represented in the data set. As can be ob-
served in the Table 6-2, the increase of concentrations of various species in the NE octant is 
dominant over the other octants, except for the SE, where it is dominated by [Cl].  
Correlation between ship visits and the species concentration. The correlation between 
monthly ship visits and the PN concentration is indicated by the contents of the Table 
6-1.Although it has been shown (see Figure 6-3) that the [PN] increase sharply in the NE oc-
tant, however, Table 6-1 indicates that the correlation of the [PN], and also [PN]/[BC], with 
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the number of ship visit is very weak, and statistically is not significant. The increase of the 
concentration does not appear to be related to the ship visits in the port. The situation does 
not change when the analysis is limited only for data set from the days when the mean wind 
direction lay within the NE octant containing the port. This may be because the combustion 
of residual oil ore likely to produce soot mode, which consequently leading more to conden-
sation than to nucleation, and hence suppress the particle formation. 
Comparing our results with the results of other work. In their work on particle formation, 
Cheung et al. (2010; 2011), identified that, besides local traffic emissions at Rocklea, the par-
ticle formation observed at Rocklea was also influenced by emissions from the NE octant. 
Because this study shows that there were no statistically significant correlations between PN 
and ship visits, relating to the work of Cheung et al., it may be concluded that the elevated 
PN concentrations from the NE octant must be due to another source/s. The most likely can-
didate for this source is the Brisbane Airport, which has been previously identified as a strong 
source of nucleation mode particles (Johnson, et al., 2008; Mazaheri et al., 2009).  
7.3 Concluding Remarks 
This work utilised laboratory and field measurements to characterise and trace train and ship 
emissions originating from the Port of Brisbane in Australia. The results of this study will 
increase and enhance the body of knowledge on aerosol science in general, and on ship and 
land based transport emissions in particular. These results will also help to improve scientific 
understanding of the properties and characteristics of emission plumes, especially those in 
areas surrounding major shipping ports. 
7.4 Recommendations for Future Research  
208 
 
Based on the experiments reported in this study, a number of recommendations can be made 
in terms of undertaking practical field work, and developing new measurement and analysis 
methods, and new models: 
1. Development of measurement methods. The PCAS used in this study was modified 
and refined, in order to make it suitable and useful for this work. In future studies, this 
system may be used, and perhaps it may need to be modified further, in order to make 
it appropriate for the new and different environments where it may be used. For ex-
ample, the hose system may need to be modified to make it more light-weight and 
maneuverable for sampling smoke plumes which have a tendency to rapidly change 
direction due to unpredictable wind dynamics. With many potential ways to modify 
the PCAS, it is possible for this instrument to be used in various measurement envi-
ronments and under a variety of conditions, which may have been too challenging for 
other instruments. 
2. Study of the relationships between particle properties.  Various relationships be-
tween emission factor of particles, and their sizes (CMD), as discussed in section 
4.4.3, revealed various engine emission properties which were not previously appar-
ent. For example, the relationship between CMD of particles corresponding to the var-
ious activities as presented in Figure 4-5, where it can be seen they form decreasing 
linear relationships. Figure 4-5 reveals that the decrease of the EF(PN) related to the 
increase of the CMD, which indicate the existence the intermediate processes such 
coagulation. The rate of the intermediate processes, for instance, can be further inves-
tigated by using this type of plots. Similarly, the relationship of the increase of the 
CMD with respect to particle number decrease, for PM2.5 is presented in Figure 4-6, 
where similar decreasing linear graphs were obtained. Conversely, investigation to-
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wards nucleation and particle formations can be conducted based on similar relation-
ships as those displayed in Figure 4-5 and Figure 4-6.  
3. Model development. In this study, a new method was developed, which proved to be 
useful for tracing airborne particle emissions. With some modifications, the method 
could also be used for the measurement of chemical/gas plumes. For example, instead 
of using a simple filtration system (such as the PCAS), the measurements could be 
conducted by employing standard aerosol measurement instruments, such as the CPC, 
gas analysers (NOx and SOx analysers etc.) and the SMPS. Further studies utilising 
this method also need to account for distance and time parameters, in order to deter-
mine the spatial and temporal distribution of plume samples, which might impinge on 
the effectiveness of the method. 'Back trajectory' or inversion  (Nofsinger, 2006; 
Wang, 2008), and computational methods (Gomes, 2004; Karp & Zhang, 1993), may 
also be developed and incorporated into this tracing system.   
4. Ship emission inventory. While the concept of developing ship emission inventories 
is not new, the availability of up-to-date inventories for each port is vital, not only as a 
source of information for further studies, but also as a basis for future policy making 
decisions. For example, one ship may emit a plume which is different from that of 
other ships. Therefore, in order to gain representative results, which describe more 
precisely the real conditions of ship emissions, the more ships that are investigated the 
better, because it means that more information can be collected. Based on our experi-
ence, and due to various other factors, it is not always easy to get on-board access to 
large ships. Nevertheless, attempts should always be made, by approaching port man-
agement or ship owners, for possible research cooperation. 
5. Further Work on Train Emissions. Emission factors obtained from train emission 
measurements can be used to estimate the total amount of train emissions for corre-
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sponding species (PN, NOx, SO2, PM2.5) by counting the number of trains which pass 
the measurement station. The results would provide an important contribution to in-
ventories of total emissions from all traffic modes operating at the Port of Brisbane 
areas. Train emissions can also be measured over longer periods of time than was 
done for this work, in order to collect more data, and hence, provide more precise re-
sults. When the emission factors are already known for various kinds of train locomo-
tives, then their emissions in any other place can be easily estimated, using the previ-
ously obtained emission factors. For example, the estimation of train emissions near 
railway lines located in public, or residential, areas can provide important information 
in relation to pollution and exposure levels in these locations.   
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8 Supplements 
8.1 The Amity Data 
Data from measurements on the Amity dredger are presented in Table S 1. Data in this table 
are raw data, the original data forms, when they were recorded. Calculations and further 
analyses are presented separately. 
Some notations used in the Table S 1 have the following meanings. 
Stack: exhaust from where plume was captured 
RPM: revolution per minute reading 
Date: date when measurement was conducted 
Time: time when measurement was started 
CO2: reading from CO2 analyser 
NOx: reading from NOx analyser 
PNC: particle number concentration, reading from CPC   
PM2.5: reading from DustTrak  
SO2: reading from SO2 analyser 
BG: back ground data 
A3 (AD)-Delivery Pump(V6): engine for delivering materials obtain from dredging 
A1(AE1)-Dredge Pump: engine used for dredging purpose 
A2 (AE2)-Cutter and Hyd.: engine used for cutting and movement of hydraulic ma-
chineries  
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Table S 1, Data from dredger the Amity, collected during a campaign from 29/01/2009 until 04/02/2009, at Port of Brisbane  
Stack RPM Date Time CO2 BG NOx BG PNC BG PM2.5 BG SO2 BG 
        ppb ppb ppm ppm (cm-3) (cm-3) (mg.m-3) (mg.m-3) ppm ppm 
A3- delivery pump (V16) 1600 30/01/09 9:16:00 0.29 0.024 2.80E-03 -0.005 9.90E+04 6.23E+02 0.99 0.011 0.64 0.003 
A3- delivery pump (V16) 1600 30/01/09 9:35:00 0.140 0.02 2.87E+01 0.007 2.15E+05 5.04E+02 0.51 0.025 0.29 0.06 
A3- delivery pump (V16) 1600 30/01/09 9:53:00 0.023 0.017 1.47E+00 0.05 1.82E+04 4.30E+02 0.041 0.03 0.0226 0.006 
A3- delivery pump (V16) 1600 30/01/09 10:04:00 0.353 0.0159 7.31E+01 0.0132 3.20E+05 5.16E+02 1.277 0.02 0.7896 0.0043 
A3- delivery pump (V16) 1600 30/01/09 10:25:00 0.1916 0.0161 4.07E+01 0.1683 2.52E+05 1.43E+04 0.698 0.023 0.46992 0.0087 
A3- delivery pump (V16) 1600 4/02/09 12:09:00 0.28 0.019 5.36E+01 0.012 4.70E+05 5.50E+02 7.67 0.02 0.59 0.005 
A3- delivery pump (V16) 1600 4/02/09 12:21:00 0.18 0.021 3.54E+01 0.07 1.90E+05 3.50E+02 0.71 0.02 0.4 0.007 
A3- delivery pump (V16) 1610 4/02/09 12:39:00 0.14 0.024 2.58E+01 0.75 1.79E+05 6.41E+02 0.65 0.018 0.3 0.012 
                        
A1-Dredge Pump (V16) 1507 29/01/00 15:22:00 0.042 0.015 3.30E+00 0.012 2.30E+04 4.50E+02 1.2 0.003 0.043 0.0008 
A1-Dredge Pump (V16) 1495 30/01/09 11:59:00 0.14 0.025 1.30E+01 0.011 3.48E+05 1.20E+02 4.5 0.006 0.155 0.0046 
A1-Dredge Pump (V16) 1495 30/01/09 12:33:00 0.29 0.03 2.68E+01 0.73 3.60E+05 6.17E+02 7.8 0.031 0.3 0.034 
A1-Dredge Pump (V16) 1495 30/01/09 13:18:00 0.23 0.024 2.16E+01 0.079 1.40E+05 8.40E+02 6.2 0.008 0.25 0.0037 
A1-Dredge Pump (V16) 1476 30/01/09 13:44:00 0.23 0.025 1.83E+01 0.067 1.70E+05 6.64E+02 4.35 0.021 0.19 0.025 
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A1-Dredge Pump (V16) 1476 30/01/09 14:16:00 0.086 0.025 7.06E+00 0.03 3.10E+05 4.70E+02 2.21 0.007 0.087 0.009 
A1-Dredge Pump (V16) 1495 4/02/09 9:58:00 0.043 0.021 2.63E+00 0.0007 1.60E+05 3.78E+02 1.03 0.013 0.035 0.003 
A1-Dredge Pump (V16) 1495 4/02/09 10:33:00 0.09 0.019 8.15E+00 0.013 1.98E+05 6.21E+02 2.97 0.019 0.1 0.005 
A1-Dredge Pump (V16) 1492 4/02/09 11:08:00 0.14 0.019 1.37E+01 0.018 2.20E+05 2.50E+03 5.2 0.016 0.17 0.006 
                        
A2-Cutter and hyd. (V8) 1750 30/01/09 12:12:00 0.16 0.025 1.83E+01 0.09 3.73E+05 4.00E+02 3.8 0.007 0.21 0.023 
A2-Cutter and hyd. (V8) 1750 30/01/09 12:49:00 0.13 0.026 1.42E+01 0.36 3.85E+05 4.40E+03 2.2 0.004 0.17 0.028 
A2-Cutter and hyd. (V8) 1750 30/01/09 13:33:00 0.12 0.025 1.32E+01 0.08 1.20E+05 4.16E+02 1.64 0.016 0.16 0.027 
A2-Cutter and hyd. (V8) 1750 30/01/09 13:59:00 0.18 0.026 2.03E+01 0.085 3.51E+05 9.09E+02 3.22 0.01 0.199 0.024 
A2-Cutter and hyd. (V8) 1750 30/01/09 14:31:00 0.133 0.025 1.36E+01 0.058 3.66E+05 4.00E+03 3.9 0.009 0.16 0.008 
A2-Cutter and hyd. (V8) 1742 4/02/09 10:10:00 0.14 0.02 1.49E+01 0.003 1.80E+05 1.20E+03 3.35 0.05 0.18 0.006 
A2-Cutter and hyd. (V8) 1742 4/02/09 10:46:00 0.11 0.019 1.15E+01 0.0088 2.30E+05 5.49E+02 3.64 0.018 0.14 0.006 
A2-Cutter and hyd. (V8) 1748 4/02/09 10:59:00 0.13 0.02 1.15E+01 0.02 2.18E+05 7.60E+02 3.6 0.017 0.14 0.008 
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8.2 The Brisbane Data 
Data from measurements on the Brisbane dredger are presented in Table S 2. Data in this ta-
ble are raw data, the original data forms, when they were recorded. Calculations and further 
analyses are presented separately. 
Some notations were used in the Table S 2, which were originally used during the measure-
ment. The meanings of the notations are as follow. 
SAMPLE: the number sequence of plume captures 
SMPS: reading from SMPS 
CPC: reading from CPC 
START: time when sampling/plume capture was started, expressed in Brisbane local 
time 
FINISH: time when sampling/plume capture was ended, expressed in Brisbane local 
time 
CO2: reading on the CO2 analyser 
NOx: reading on the NOx analyser 
SO2: reading on the SO2 analyser 
CO2: reading on the CO2 analyser 
PM2.5: reading on the DustTrak 
POWER: reading of engine power, as displayed in the panel instrument in the ship 
controller room, with LEFT referred to left engine, and RIGHT referred to right en-
gine 
PX: plume capture sample number X 
BGX: background sample number X 
Dredging (BE): sample captured during the dredger was dredging 
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Pumpingout (BD): sample captured during the dredger was pumping out the materials 
into reclaimed areas 
Steaming (BS): sample captured during the dredger was moving along the river, from 
its dock to dredging areas and vice versa 
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Table S 2, the raw measurement results from dredger the Brisbane, for 29Jun 2009 and 2-3 Jul 2009.  
BRISBANE DATA, 29JUNE09 
SAMPLE SMPS CPC START FINISH CO2 NOx SO2 PM2.5 POWER (kW) 
     (cm-3)      (ppb)  (ppb)  (ppm)  (mg m-3) LEFT RIGHT
P12 21 1.25E+06 11:02 11:08 0.21 0.017 0.012 11.73     
(front steaming)           0.0497 0.0043 14.48     
P13 22 9.10E+05 11:11 11:17 0.26 0.023 0.02 12.97     
(Idle)           0.005 0.0087 16.44     
            0.009 0.01 15.39     
            0.0075 0.006 17.43     
P15 (did not ex-
ist)                     
P16 (pump-
ingout) 23 3.82E+05 11:30 11:36 0.37 0.0066 0.0042 3.79 907 922 
          0.37 0.011 0.004 4.26     
P16(pumpingout) 24 1.55E+05 11:42 11:50 0.2942 0.0274 0.0067 3.326 1140 1157 
          0.2929 0.02064 0.0082 3.598     
          0.2939 0.08247 0.0062 3.927     
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P17(pumpingout) 25 5.62E+06 12:00 12:07 0.2296 0.0089 0.004238 1.404 1064 1061 
          0.2283 0.01319 0.003401 1.546     
BG1 26 2.40E+03 12:12 12:18 0.01208 0.0248 0.004238 0.008     
          0.01168 0.01184 0.004555 0.008     
          0.01146 0.0173 0.005786 0.008     
P18(pumping-in) 27 9.99E+06 12:25 12:31 0.24 0.025 0.006 3.53 820 870 
    2.30E+06     0.23 0.017 0.005       
            0.018         
P19 (idle) 28 9.99E+06 12:33   0.17 0.013 0.006 8.35 350 630 
          0.165 0.015 0.009 9.46     
          0.166 0.0185 0.0095 9.5     
            0.016 0.0089 9.8     
BG2 29 4.24E+04 12:44 12:50 0.01308 0.3421 0.0109 0.044     
          0.01303 0.3403 0.01179 0.044     
          0.01325 0.2899 0.01243 0.044     
P20 30 4.84E+03 12:54 13:00 0.01105 0.06515 0.07296 0.014 327 348 
          0.011 0.05418 0.05125 0.014     
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          0.01117 0.01328 0.003067 0.015     
P21 31 2.64E+03 13:03 13:08 0.01009 0.02059 0.005384 0.015 310 304 
          0.00998 0.02578 0.002873 0.015     
          0.00951 0.01438 0.00319 0.016     
P22 32 2.46E+03 13:11 13:17 0.0092 0.006599 0.00275 0.016 470 330 
          0.00878 0.006725 0.002843 0.016     
          0.00804 0.000706 0.002767 0.018     
P23 33 3.19E+03 13:20 13:26 0.00825 0.1133 0.00467 0.018 401 381 
          0.00785 0.1347 0.0052 0.018     
          0.00792 0.0193 0.00475 0.019     
P24 (dredging) 35 9.47E+06 14:07 14:12 0.1617 0.01228 0.003346 3.383 452 332 
          0.1597 0.01127 0.001752 4.159     
          0.159 0.007336 0.002479 4.183     
P25 (dredging) 35 9.47E+06 14:15 14:21 0.1435 0.01853 0.01587 1.303 800 830 
P26 (dredging) 36 9.99E+06 14:24   2.11 0.0045 0.0136 70.93 1071 1031 
          2.08 0.0095 0.0025 103.95     
            0.025 0.0018 132.98     
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            0.035   113.73     
            0.021   127.43     
BG3 (Not used, 37 2.70E+03 14:34 14:40 0.0099 0.001714 0.0013 0.02     
Diesel smell)         0.00634 0.001873 0.001047 0.02     
          0.00594 0.013 0.002292 0.02     
P27 (dredging) 38 3.70E+06 14:41 14:47 0.256 0.0032 0.0034 10.625 482 413 
            0.0018 0.0054 10.6     
            0.109 0.01 10.768     
            0.0168 0.006 10.939     
P28 (dredging) 39 9.99E+06 14:48 14:54 0.83 0.198 0.076 27.076 602 619 
            0.0282 0.0083 30.55     
            0.032 0.0045 39.919     
BG4 40 2.60E+03 14:59 15:06 0.0073 0.0185 0.0028 0.046     
          0.00815 0.0146 0.0021 0.051     
            0.0135 0.0015 0.057     
            0.001 0.00149 0.056     
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BRISBANE DATA 2JULY09 
SAMPLE SMPS CPC START FINISH CO2 NOx SO2 PM2.5 POWER(kW) 
     (cm-3)      (ppb)  (ppb)  (ppm)  (mg m-3) LEFT RIGHT
BG1 41 3.54E+03 9:58 10:06 0.01 
NOT 
WORKING 0.0033 0.02 480 554 
  (AIM NOT WORKING) 0.0095 0.00238 0.02 
  #18 0.0088 0.0021 0.02 
P1 42 
(NOT GOOD, AND IS 
DISCARDED) 
BG1 43 6.52E+03 10:37 0.006 0.818 0.123 0.076 
  0.0049 0.55 0.051 0.074 
  0.0036 0.32 0.0188 0.07 
P29 44 9.99E+06 10:46 0.181 7.3 0.42 4.43 530 518 
(R, STEAMING) 1.11E+06 0.1805 10.27 0.544 4.65 
  3.29 0.544 5.12 
  3.92 5.48 
P30 (RIGHT) 2.57E+05 11:17 0.0057 0.32 0.011 0.17 682 868 
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P31 (RIGHT) 9.99E+06 11:20 0.33 16.99 0.65 2.958 682 868 
  22.88 0.85 3.15 
  0.96 
  0.95 
  
P32 (R. STEAMING) 6.89E+05 11:32 0.055 3.83 0.13 3.075 332 372 
  0.056 3.25 0.184 3.11 
  3.31 0.194 3.14 
  3.31 0.195 
  
P33 (RIGHT) 9.99E+06 11:42 11:52 0.122 0.08 0.198 4.03 
  2.79E+06 0.1265 7.25 0.4328 4.988 
  
  
P34 1.34E+06 12:24 12:29 0.089 5.175 0.185 6.65 531 617 
  #21 0.09 4.19 0.29 6.76 
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  0.09 4.23 0.3 6.88 
  0.091 4.68 0.304 7.12 
  
BG2 2.53E+03 12:39 12:46 0.00309 0.0198 0.0036 0.024 
  0.0036 0.041 0.0038 0.024 
  0.0034 0.047 0.0039 0.023 
  0.00356 0.05 0.0038 0.022 
  0.055 0.0039 
  0.052 0.004 
  0.00394 
  
P35 (LEFT, 
PUMPOUT) 5.60E+05 12:53 13:01 0.016 0.89 0.0075 0.17 936 958 
  0.017 0.96 0.013 0.17 
  0.0178 0.97 0.037 
  0.89 0.049 
  0.91 0.05 
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  0.95 
  
P36 (LEFT, IDLE) 6.81E+06 1:29 1:35 0.124 7.18 0.29 1.8 311 321 
  #21 0.125 8.06 0.39 1.9 
  0.127 7.72 0.42 1.98 
  0.128 8.2 0.43 2.05 
  
P37 (STEAMING) 45 9.62E+05 1:41 1:46 0.121 1.496 0.414 9.36 566 723 
  #22 0.123 1.779 0.523 9.54 
  1.922 0.531 9.8 
  1.01 0.526 9.8 
  
P38 
(RIGHT,STEAMING) 46 5.06E+04 2:02 2:09 0.008 0.047 0.0039 0.05 515 522 
  #22 0.0082 0.053 0.0045 0.05 
  0.064 0.0056 0.054 
  0.068 0.0064 0.056 
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  0.08121 0.007 0.05 
  
P39 (RIGHT, STEAM-
ING) 47 5.96E+06 2:12 2:18 0.026 0.69 0.022 0.4 448 446 
  #22 0.026 0.66 0.072 0.408 
  0.025 0.65 0.077 0.406 
  0.025 0.68 0.078 0.408 
  
P40 (RIGHT, STEAM-
ING) 48 9.99E+06 2:22 2:29 0.128 0.23 0.23 3.317 390 403 
  #22 0.129 3.85 0.397 3.495 
  0.129 3.76 0.421 3.6 
  0.13 3.65 0.441 3.76 
  
BG3 (INTO AIR) 49 8.40E+03 2:31 2:37 0.0036 0.05 0.026 0.032 
  #22 0.0033 0.124 0.007 0.033 
  0.0028 0.129 0.0039 0.034 
  0.0026 0.44 0.0037 0.3 
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  0.035 
  
P41 (RIGHT, STEAM-
ING) 50 5.33E+06 2:40 2:46 0.0511 1.55 0.0567 1.402 380 383 
  1.51E+06 0.05108 1.573 0.1745 1.44 
  #22 0.0508 1.6403 0.1807 1.465 
  
P42 (RIGHT) 51 [41.5] 1.87E+06 2:50 2:56 0.00825 0.7422 0.02386 0.161 307 315 
  9.20E+05 0.0086 0.2525 0.0257 0.162 
  #22 0.00742 0.237 0.02668 0.163 
  0.00804 0.2452 0.0268 0.164 
  
P43 (LEFT, DREDG-
ING) 52 9.90E+07 3:12 3:17 0.26 0.0076 0.77 5.9 837 856 
  5.96E+06 0.26 8.03 1.3 6.1 
  #23 0.264 7.96 1.425 7.268 
  7.67 1.44 7.77 
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P44 (LEFT, DREDG-
ING) 53 [90.2] 7.51E+06 3:20 3:26 0.142 2.85 0.43 3.04 733 699 
  #23 0.141 4.22 0.57 3.21 
  4.63 0.6 3.371 
  3.76 0.6 3.482 
  
P45 (LEFT, DREDG-
ING) 54 9.99E+06 3:28 3:34 0.22 5.94 0.42 1.46 814 710 
  #23 0.224 7.69 0.8 1.73 
  0.228 6.68 0.83 1.9 
  0.223 6.6 0.826 2.036 
  
P46 (LEFT, DREDG-
ING) 55 [57.7] 1.30E+06 3:36 3:42 0.0198 0.32 0.05 0.5 719 842 
  #23 0.02 0.39 0.06 0.51 
  0.02 0.38 0.0627 0.519 
  0.02 0.35 0.0637 0.522 
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P47 (LEFT, DREDG-
ING) 56 [69.6] 9.99E+06 3:45 3:41 0.25 0.013 0.39 2.157 625 641 
  2.36E+06 0.254 8.44 0.72 2.35 
  #23 6.95 0.743 2.39 
  7.72 0.741 2.395 
  7.61 
  
BG4 (INTO DRUM) 57 [28.2] 1.34E+04 3:56 4:02 0.005 0.045 0.0048 0.024 
  #23 0.005 0.03 0.0047 0.025 
  0.0053 0.0338 0.00497 0.025 
  0.00525 0.036 0.00492 0.025 
  
BG5 (INTO DRUM) 58 [24.1] 3.91E+03 4:06 4:12 0.0049 0.0338 0.004 0.022 
  #23 0.0046 0.0313 0.00387 0.022 
  0.0049 0.049 0.0036 
  0.0047 0.0284 0.0036 
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P48 (LEFT, STEAM-
ING(FULL))  59 [102] 2.81E+06 4:15 4:21 0.2 6.63 0.34 6.857 329 412 
  9.70E+05 0.204 5.75 0.57 7.038 
  #23 0.203 6.061 0.594 7.235 
  
BG (BARREL BUT 
NO PROBE 4 FLUSH-
ES) 60 [26.6] 4.63E+03 4:26 4:31 0.00531 0.0362 0.0064 0.03 
  4.54E+03 0.00479 0.0383 0.005122 0.031 
  #23 
  
P49 (STEAMING) 
61 
[105.6] 9.99E+06 4:36 4:41 0.86 30.11 1.71 13.467 628 690 
  4.13E+06 0.86 27.87 2.14 14.78 
  2.68E+06 0.853 26.64 2.13 15.645 
  #23 25.34 2.05 16.45 
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BRISBANE DATA 3JULY09 
SAMPLE SMPS CPC START FINISH CO2 NOx SO2 PM2.5 POWER(kW) 
     (cm-3)  (ppb)  (ppb)  (ppm)  (mg m-3) LEFT RIGHT 
BG1 63 7.74E+03 9:39 9:43 0.0167   0.05 0.00194     
No Nox         0.016   0.0022 0.006     
          0.016   0.00238 0.006     
                      
BG2 64 [17.8] 3.45E+03 9:55 10:01 0.0137 0.027 0.0032 0.006     
Use Barrel   #24     0.0137 0.032 0.00297 0.006     
          0.0133 0.028 0.0027 0.007     
          0.0131 0.055 0.00267 0.007     
                      
P50 (R, NOT IN PLUME) 65 [46.5] 1.33E+04 10:05   0.012 0.31 0.0036 0.012     
    #24     0.0124 0.087 0.0037 0.013     
          0.012 0.215 0.0038 0.032     
          0.0123 0.058 0.0038 0.021     
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P51 (R,STEAMING) 66 [74.9] 9.99E+06 10:13 10:18 0.186 3.77 0.37 3.059 368 365 
    #24     0.188 3.55 0.516 3.176     
          0.186 3.65 0.529 3.238     
          0.186 3.47 0.527 3.296     
                      
P52 (R, STEAMING) 67 [83.5] 9.99E+06 10:22 10:28 0.204 3.79 0.32 3.827 447 412 
    7.77E+06     0.206 3.657 0.572 4.201     
    2.82E+06     0.205 3.872 0.605 4.5     
    #24     0.204 3.66 0.605 4.6     
                      
P53 (R, STEAMING) 68 [75.4] 4.35E+06 10:30 10:35 0.0964 0.292 0.159 2.45 319 302 
    #24     0.097 1.77 0.2677 2.52     
          0.098 2.2 0.294 2.55     
          0.098 1.68 0.296 2.58     
                      
BG3 (INTO AIR) 69 [39.6] 7.12E+04 10:40 10:46 0.009 0.036 0.00586 0.02     
    7.66E+04     0.01 0.0563 0.00514 0.032     
234 
 
    #24     0.012 0.444 0.00688 0.045     
          0.009 0.0527 0.0075 0.034     
                      
P54 (R, DREDGING) 70 [77.6] 8.56E+06 10:48 10:54 0.286 0.076 0.49 3.023 896 920 
    #24     0.29 6.169 0.767 3.122     
          0.288 5.762 0.8 3.236     
          0.288 5.781 0.793 3.304     
                      
 P55 (R, DREDGING) 71 5.14E+03 10:56   0.0099 0.0414 0.036 0.018     
    #24     0.0101 0.00913 0.0069 0.017     
    (TOO LOW)               
                      
P56 (STEAMING) 72 [43.5] 8.00E+06 11:26 11:32 0.011 0.027 0.00275 0.042     
    #25     0.0125 0.037 0.00379 0.043     
    (NO GOOD)   0.0123 0.0425 0.0058 0.042     
                      
P57 (L, STEAMING) 73 [109] 3.81E+06 11:35 11:41 0.31 3.65 0.53 13.48 362 337 
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    #25     0.317 3.032 0.807 13.93     
          0.318 3.308 0.849 14.368     
          0.317 3.338 0.847 13.956     
                      
P58 (L, STEAMING) 74 [145.3] 2.97E+06 11:44 11:50 0.365 2.93 0.722 28.015 370 377 
    #25     0.369 1.227 1.135 29.252     
          0.373 3.949 1.167 30.3     
          0.37 2.36 1.158 31.34     
                      
BG4 (INTO BARREL) 75 [21.1] 3.01E+03 11:56 12:02 0.0132 0.032 0.0081 0.01     
    #25     0.012 0.0117 0.0047 0.01     
          0.012 0.0199 0.00469 0.009     
          0.013 0.0214 0.00434 0.009     
                      
P59 (L, PUMPINGOUT) 76 [65.1] 8.46E+06 12:41 12:47 0.1011 0.04367 0.2558 0.716 915 935 
    2.97E+06     0.1024 0.3131 0.2825 0.76     
    #25     0.1007 0.001961 0.2817 0.805     
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          0.1005   0.2688 0.845     
                      
P60 (L,PUMPINGOUT) 78 25   1:04 0.037 -0.00095 0.078 0.188     
                      
P61 (L,PUMPINGOUT) 79 7.67E+06 1:14 1:19 0.093 0.0027 0.148 0.35 1179 822 
    #26     0.094 0.43 0.199 0.376     
            0.22 0.22       
            0.87 0.25       
            0.49         
            0.9         
            0.67         
                      
P62 (L,PUMPINGOUT) 80 5.27E+06 1:24   0.097 0.008 0.167 0.846 844 861 
    #26       0.85 0.21 0.863     
            0.711 0.22 0.866     
            0.89 0.23 0.85     
            1.41 0.248 0.876     
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            1.158 0.257 0.879     
            1.23   0.89     
            1.28         
            0.124         
            1.03         
            0.59         
            0.82         
                      
P63 (DREDGING, LEFT 
SIDE ONLY) 81 9.60E+06 2:27 2:23 0.1194 2.297 0.279 1.859 772 591 
    [26]     0.117 2.25 0.314 1.881     
            1.678 0.336 1.909     
            2.003 0.35 1.92     
            1.28 0.36 1.93     
            1.31 0.37 2.017     
            1.51   2.18     
            1.54         
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P64 (DREDGING, ONLY 
LEFT SIDE) 82 7.04E+06 2:45   0.092 1.093 0.166 1.83 780 612 
    #27     0.093 1.89 0.21 1.847     
            1.85 0.23       
            1.68 0.245       
            1.71 0.261       
            1.82 0.27       
            1.84         
                      
BG (IN BARREL)  83 7.62E+03 3:03 3:08 0.0103 0.013 0.0036 0.015     
    #27     0.0104 0.0127 0.00357 0.016     
          0.0103 0.0132 0.00388       
            0.0134 0.0039       
            0.0149         
            0.0156         
            0.0169         
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            0.017         
            0.015         
            0.013         
            0.011         
            0.0095         
                      
P65 84 2.20E+06 3:15 3:23 0.104 0.834 0.215 2.22 885 520 
    #27     0.105 1.11 0.255 2.48     
            1.107 0.264 2.26     
            1.106 0.27 2.28     
            1.073 0.285       
              0.289       
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8.3 Emission Factor from the Amity and the Brisbane, and from Various Works. 
Table S 3: Emission factors of particle number concentration (PN), NOx, SO2, and 
PM2.5 for (a) the Amity ( (V16, excavation pump),  (V8, excavation cutter), and  
(V16, delivery pump)), and (b) the Brisbane (steaming, dredging, and pumping out),  
together with results of other studies.  
Average EF PN                     
(kg-fuel‐1) 
NOx               
(g.kg-fuel‐1) 
SO2               
(g.kg-fuel‐1) 
PM2.5              
(g.kg-fuel‐1) 
(a) Amity A3 9.8E+15 30 0.58 6.3 
Amity A1 9.7E+15 34 0.63 4.8 
Amity A2 2.3E+15 63 1.1 0.68 
(b) Brisbane S 1.0E+16 6.6 1.8 3.5 
Brisbane D 1.4E+16 5.4 1.5 5.7 
Brisbane P 1.5E+16 2.8 1.3 1.2 
     
Cooper  
(Cooper, 2001) 
 5.2 to 55.2  0.14 to 0.42 0.007 to 0.10
Fridell et al. 
(Fridell et al., 2008) 
 58.1 to 100  0.12 to 2.2 
     
Sinha et al.  
(Sinha et al., 2003) 
(4.0±0.4)×1016     
(high grade fuel)
22.3±1.1  
(high grade 
fuel) 
2.9±0.2    
(high grade fuel) 
 
 (6.2±0.6)×1016  
(low grade fuel) 
65.5±3.3  
(low grade 
fuel) 
52.2±3.7  
(low grade fuel) 
 
     
Hobbs et al. 
(Hobbs et al., 2000) 
(0.40 to 2)×1016   
(both kinds of 
fuel) 
2 to 25             
(low grade 
fuel) 
15 to 89         
(low grade fuel) 
 
   6                   
(high grade fuel) 
 
Chen et al.  
(Chen et al., 2005) 
 13 to 20  
(low grade 
fuel) 
23 to 30 
(low grade fuel) 
 
 
 
8.4  Relationship between emission factors (EF) and dilution ratios (DR) 
Results from correlation analysis between the emission factors (EF) and the dilution ratios 
(DR). 
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Table S 4: Results of correlation analysis significance testing for dilution effects 
Operational 
mode 
Relationship:  
Dilution Ratio versus:- 
N R2 p-value Correlation 
significance 
(α=0.05) 
AE1 
 
EF (PN)  9 0.46 0.04 Yes 
EF (NOx) 9 0.38 0.08 No 
EF (SO2) 9 0.55 0.02 Yes 
EF (PM2.5) 9 0.46 0.04 Yes 
AE2 
 
EF (PN)  8 0.042 0.63 No 
EF (NOx) 8 0.003 0.90 No 
EF (SO2) 8 0.014 0.78 No 
EF (PM2.5) 8 0.080 0.50 No 
AD 
 
EF (PN)  8 0.17 0.30 No 
EF (NOx) 8 0.003 0.89 No 
EF (SO2) 8 0.094 0.46 No 
EF (PM2.5) 8 0.12 0.41 No 
BE 
 
EF (PN)  8 0.32 0.14 No 
EF (NOx) 8 0.16 0.32 No 
EF (SO2) 8 0.34 0.13 No  
EF (PM2.5) 8 0.08 0.51 No  
BS 
 
EF (PN)  11 0.78 0.0003 Yes 
EF (NOx) 11 0.005 0.83 No  
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EF (SO2) 11 0.001 0.94 Yes  
EF (PM2.5) 11 0.15 0.23 No  
BD 
 
EF (PN)  4 0.81 0.10 No 
EF (NOx) 4 0.76 0.13 No 
EF (SO2) 4 0.94 0.03 Yes 
EF (PM2.5) 4 0.13 0.63 No 
 
8.5 Engine Technical Data 
Table S 5 shows the parameters of the Amity and the Brisbane’s engines, which include tech-
nical, operational data and the operating RPM during the emission 5 measurement. According 
to the definitions, the engines of the Amity and Brisbane, all fall within the HSD or upper 
MSD category. 
Table S 5: Amity and Brisbane Engine Data. (Cyl. Num: number of cylinders, Disp: 
Engine displacement) 
 
Engine Make/Model 
Cyl. 
Num/Disp. 
(#/L) 
Age 
(Years) 
Averagea) 
speed (RPM) 
Use 
Amity 
Caterpillar/3516 16/69 20 1530 Pumping in (AE1) 
 
Caterpillar/3508 8/34.5 20 1750 Cutter/hydraulics 
(AE2) 
Cummings/KTA-50 16/50.3 20 1600 Pumping out (AD) 
Brisbane 
Caterpillar/3606-
8RB751 
6/ 110.8 9 1000 Steaming/pumping 
Caterpillar/3606-
8RB752 
6/ 110.8 9 1000 Steaming/pumping 
244 
 
Caterpillar/ 3512- 
24Z09163 
12/ 51.8 9 1500 Electrical power 
a) Average RPM is averaged value from several RPM readings during the operation 
 
Details concerning the operation of the dredgers: 
The two dredgers differ significantly in their method of operation. The Amity is used for 
maintaining channel depth and developing a nearby reclamation area in the Port of Brisbane’s 
Fisherman Islands Facility (PB-FI). The Amity is not self propelled in the conventional sense, 
but instead operates within a relatively small area, effectively stepping from one fixed anchor 
point to the next. It uses a hydraulic mechanical system to pivot in an arc about each of these 
anchor points located at the stern of the vessel, while driving a mechanical excavation cutter 
located at the bow. The cutter excavates successive arcs from the river bed while pumping the 
resulting debris into the vessel. This debris is subsequently pumped out of the vessel through 
a floating discharge pipe which carries it directly into the reclamation area. The Brisbane on 
the other hand, is an ocean going, self propelled hopper suction dredger operating at a range 
of locations. The Brisbane extracts loose material from the river bed by means of a mechani-
cally manoeuvrable suction head, pumping the resulting debris into an on board hopper. 
When the hopper is full, or the excavation work is completed, the vessel steams to a release-
point where the hopper discharge pump is connected to a floating pipe through which the 
hopper contents are pumped to the reclamation area. 
The excavation area: 
The excavation area for the Brisbane at the time of this campaign was 10 km upstream from the 25 
discharge areas. The Brisbane moved back and forth between its docking terminal near the 
reclamation area and the dredging area, taking about 3-4 hours to complete one dredging cy-
cle. The dredging cycle consisted of leaving the docking terminal, moving up the river, dredging, 
245 
 
moving back to the docking terminal, and pumping the material out into the reclamation site (see Fig-
ure S 1). 
 
Figure S 1: Dredger operational areas along the Brisbane River. The white line is the 
path taken during the campaign by the Brisbane, between the exaction point at Hamilton 
and the discharge point at the Fishermans Island reclamation area. 
 
Other supplement data: 
Table S 6: Species concentrations and emission factors obtained in the example of 
activity BE. (Cx,n represents the concentration of species x in air in the background 
(n=0) or plume (n=1) sample). 
 
Species (x) 
 
Cx,0 
 
Cx,1 
 
ΔCx 
 
EF(x) 
 
Units 
CO2(ppm) 454 3206 2.75E+03 3.1E+03 g(CO2).(kg-fuel)-1 
PN (cm-3) 3.20E+04 1.24E+07 1.24E+07 7.6E+15 (kg-fuel)-1 
NOx (ppm) 0.147 5.822 6.7E+00 5.5E+00 g(NO2).(kg-fuel)-1 
SO2 (ppm) 0.0059 0.801 7.95E-01 1.3E+00 g(SO2).(kg-fuel)-1 
PM2.5 (mg.m-3) 0.024 3.357 3.33E+00 2.1E+00 g(PM2.5).(kg-fuel)-1 
 
246 
 
 
Table S 7: Emission factors of particle number concentration (PN), NOx, SO2, and PM2.5 for 
the Amity and Brisbane compared with results of other studies. 
Average EF  CMD 
(nm) 
 
PN  
(kg-fuel)-1 
PM2.5 
(g(PM2.5). 
 ((kg-fuel)-1) 
SO2  
(g(SO2). 
(g(NO2). 
NOx 
(g(NO2). 
(kg-fuel)-1) 
(a) Amity AE1 133±18 (9.6±5)E+15 6.1±1  0.59±0.05 35±2 
Amity AE2 116±8 (9.6±1)E+15 4.8±1 0.68±0.04 41±3 
Amity AD 90±7 (2.2±4)E+15 0.74±0.1 1.1±0.05 72±4 
(b) Brisbane BE 85±15 1.0±4E+16 3.4±1 1.7±0.4 8.0±2 
Brisbane BD 88±26 1.4±1E+16 5.6±3 1.5±0.1 6.4±2 
Brisbane BS 64±11 (1.5±5)E+16 1 1.2±0.5 1.3±0.1 3.4±1 
Cooper (2001)   0.52 0.81 to 1.8 9 5 to 60 
Fridell et al. (2008)   0.12 to 2.2  58.1 to 100 
Sinha et al. ( 2003)  (4.0±0.4)×1016 
(high grade fuel) 
 2.9±0.2 
(high grade fuel) 
22.3±1.1 
(high grade fuel 
Hobbs et al.(2000)  (0.40 to 2)×1016 
(both kinds of fuel) 
 15 to 89 (low 
grade fuel) 
2 to 25 
 (low grade fuel) 
 
Chen et al. (2005)    23 to 30 13 to 20
 
Table S 8: Results of correlation analysis significance testing for sample 
concentration effect on CMD 
Operational 
mode 
 
N 
 
R2 
 
p-value 
Correlation 
significance 
(α=0.05) 
AE1 9 0.14 0.32 No 
AE2 8 0.07  0.56  No 
AD 8 0.84 0.004 Yes 
BE 8  0.05  0.59 No 
BS 11  0.19  0.18  No 
BD 4  0.23  0.52 No 
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8.6 Tracing of Ship Emission  
  
Figure S 2: Removal of 3 outlying data points from the Black Carbon data set 
 
Table S 9: Data of chemical concentrations and average wind speeds (WS) and wind 
direction (WD)  
Date CL Con. Ni Con. BC Con. V Con. S Con. 
ave  WS 
 (degree) (ms-1) 
04/01/2009 584.1 0.1 454.7 0 326.9 134 2.86 
07/01/2009 1101.5 0.6 690.4 0.4 367.5 80  2.12 
11/01/2009 632.4 0 449 0.2 241.7 114  1.65 
14/01/2009 507.8 0.2 671.3 0 230.1 104  2.13 
18/01/2009 765.8 0 361.6 0 248.9 125  3.10 
21/01/2009 604.1 0.1 720 1.2 328.4 26  2.03 
25/01/2009 214.2 0.7 575.9 0.6 325.8 68  2.02 
28/01/2009 350.9 0 730.4 0 201.7 117  2.52 
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01/02/2009 916.6 0 542.4 0.4 355.2 123  1.68 
04/02/2009 774.1 0 662.4 0 385 118  2.45 
08/02/2009 332.3 0 655.3 0.2 299.5 112  0.95 
11/02/2009 14.9 0 694.7 0 369.9 85  1.43 
15/02/2009 13.6 0.3 427.2 0.5 187.3 195  0.52 
18/02/2009 55.2 0.9 775.7 0.1 95.1 142  1.46 
22/02/2009 14.9 0.4 528.5 0 348.9 129  2.56 
25/02/2009 114.8 0 925.9 0.1 276.9 109  0.86 
01/03/2009 16.7 0 1036.8 0.3 463.9 46  1.13 
04/03/2009 131.2 0.1 659 1 335.7 43  1.89 
08/03/2009 533.8 0.5 636.6 0 294.3 112  2.41 
11/03/2009 743.3 0.3 450.6 0.3 194.2 138  2.68 
15/03/2009 87.3 0.3 913.6 1.3 374.3 50  0.99 
18/03/2009 11.6 0.5 711.9 0.4 412.3 129  2.17 
22/03/2009 395.6 0.3 483.4 0.3 195.6 155  2.14 
25/03/2009 136.4 0 736.2 0.1 201.7 131  1.60 
29/03/2009 664.5 0.3 311.2 0.4 197.3 162  2.62 
01/04/2009 133.2 0.9 784.3 0.4 181.7 117  1.40 
05/04/2009 80.7 0.1 296.7 0.1 118.3 80  1.29 
08/04/2009 448.3 0.5 627.7 0.8 317.6 154  2.33 
12/04/2009 537.4 0 598.6 0 157.5 120  0.83 
15/04/2009 2.5 0 1076.1 0.2 189.4 227  1.24 
19/04/2009 250.6 0 639.6 0.1 211.7 221  2.25 
22/04/2009 603.4 0.9 541.5 0.2 158 214  2.23 
26/04/2009 5.2 0.7 895.4 0.5 231.4 281  2.03 
29/04/2009 4.7 1 1571 0.7 337.3 207  0.74 
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03/05/2009 16.6 0.2 851.7 0.3 135.6 168  1.38 
06/05/2009 157.6 0.8 739.9 0 154.4 185  1.70 
10/05/2009 6.5 0.1 1143.3 0 366.9 191  1.59 
13/05/2009 3.8 0.3 1323.3 0.7 316.1 259  0.92 
17/05/2009 105.2 0.6 941.4 0 216.1 171  1.17 
20/05/2009 876 0 430.1 0.1 93.5 126  3.11 
24/05/2009 1846.3 0.1 282 0 186.8 156  2.73 
27/05/2009 17.1 0.9 2038.9 3.2 261.8 257  0.59 
31/05/2009 412 0 800.5 0.5 139.6 172  1.69 
03/06/2009 41.6 1.5 1068.1 0.1 68.6 173  1.21 
07/06/2009 1.5 0 981.6 0.5 230.7 262  2.31 
17/06/2009 24.4 0.3 1875.1 0.9 188.3 217  1.47 
21/06/2009 405.2 0 693.3 1 210.2 133  0.50 
24/06/2009 2.7 0.6 2047.5 1.1 315.1 224  1.53 
28/06/2009 1.2 0 555.9 0.2 155.2 254  1.80 
01/07/2009 5.9 1.7 3278.2 2.5 497.7 65  0.73 
05/07/2009 17.8 0.1 1091.1 0.1 80.2 238  2.02 
08/07/2009 508.7 1.6 780.2 0.3 174 177  2.43 
12/07/2009 140 1.6 1552.6 2.7 301 231  0.51 
15/07/2009 10 0.1 1712.9 0.3 157.3 277  1.21 
19/07/2009 21.4 1.2 1540.9 0.9 299 215  0.57 
22/07/2009 6.2 0.3 1389.4 0.7 272.3 299  1.61 
26/07/2009 11 0.5 1218.2 1.5 284.1 46  0.64 
29/07/2009 10 0.3 1987.1 1.3 295.3 220  1.17 
02/08/2009 8 1.1 1549 0.3 270.4 217  0.77 
05/08/2009 5 0.7 1635.8 1.5 332.5 207  0.58 
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09/08/2009 34.4 0.6 1172.3 1.5 257.8 227  0.81 
12/08/2009 70.4 0.7 1040.8 1.6 281.2 49  0.71 
16/08/2009 10.7 0.7 945.7 1 442.8 31  0.64 
19/08/2009 106.7 0.6 1224.6 0.5 242.9 171  0.77 
23/08/2009 19 1.6 1332 3.9 630.1 61  1.09 
26/08/2009 151.9 0.5 683 2.1 114.5 263  2.23 
30/08/2009 6 0.4 835.6 0.6 242.7 246  2.36 
02/09/2009 6.2 0.6 1300.2 0.3 412.9 63  0.92 
06/09/2009 139.4 0.2 878.1 1 323.2 79  0.95 
09/09/2009 6.7 0.3 873.8 0.1 137.1 258  2.08 
13/09/2009 16.8 0.8 1034.8 2.4 612.9 77  0.60 
16/09/2009 18.6 0.8 1269.3 1.6 356.7 56  0.97 
20/09/2009 10.6 0.7 1693.8 3.2 1173.7 147  0.72 
30/09/2009 5.1 0.7 1328.7 0.8 201.2 258  4.38 
04/10/2009 569.4 0.3 519.3 0.1 45.8 34  1.09 
07/10/2009 14.7 0.5 1020.5 0.6 209.6 124  1.84 
11/10/2009 113.5 0.6 701.6 0.5 174.9 7  0.96 
18/10/2009 59.9 0.1 713.5 0.6 285.9 145  0.86 
21/10/2009 10.6 0.5 602 0.7 126.6 271  3.36 
25/10/2009 195.4 0.6 835.5 1.8 126.3 110  1.20 
28/10/2009 190.7 0.2 842 0.5 207.5 26  1.19 
01/11/2009 89.6 0.2 543 0.6 246.3 35  1.99 
04/11/2009 197.7 0.2 769.6 0.8 397.2 98  1.58 
08/11/2009 153.3 0.3 529.9 0.1 299 97  1.78 
11/11/2009 104.7 0.7 738.2 0.4 128.8 44  1.96 
15/11/2009 11.3 0.3 736 1 212.7 99  2.47 
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18/11/2009 792.9 0.6 678 0.5 252.2 81  1.45 
22/11/2009 136.2 0.7 513.1 0.9 156.2 29  1.47 
25/11/2009 495.6 0.3 498.5 0 303.8 88  2.55 
02/12/2009 262.1 1.5 748.2 0.3 497.9 33  2.09 
06/12/2009 387.6 0.5 938.2 0.3 230.7 92  3.16 
09/12/2009 522.6 0.2 823 0.8 511.9 41  1.46 
13/12/2009 208.3 0.6 615.1 1.7 210.4 156  2.47 
16/12/2009 38.9 1.2 803.6 0.5 266.9 42  2.52 
20/12/2009 1.7 0.2 699.6 0.6 311.6 35  2.70 
23/12/2009 12.5 0.1 773.9 0.4 415.1 43  1.89 
27/12/2009 1175.2 0.5 565.3 1 536.4 68  2.81 
30/12/2009 573.6 0.2 470.9 0 344.7 192  0.92 
 
Table S 10: The average concentration ratio for the four sectors.  
Note: Sector is a horizontal  circle quadrant, from which area the wind blows. For 
example, Sector 1 is area from north direction to east direction, which encompasses 90o 
angle, etc. In most calculations, a sector is divided into two octants, each encompasses 
45o arc area. 
Component 0<D≤90 90<D≤180 180<D≤270 270<D≤360 
[V]  (ng m-3) 1.08±0.14 0.41±0.09 0.79±0.17 0.53±0.12
[Ni]  (ng m-3) 0.50±0.07 0.35±0.07 0.55±0.09 0.40±0.18
[S] (ng m-3) 370±23 260±18 240±31 230±29
[Cl]  (ng m-3) 218±54 383±58 62±27 7±1.5
BC (ng m-3) 820±90 720±41 1100±104 1300±238
[V]/[BC] (2.33±0.71)E-03 (4.85±0.74)E-04 (6.74±1.42)E-04 (4.56±1.2)E-04
[Ni]/[BC]  (8.14±1.44)E-04 (4.66±0.85)E-04 (5.32±0.84)E-04 (3.87±2.2)E-04
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2[V][Ni]/[BC]  (1.29±0.32)E-03 (3.52±0.58)E-04 (4.71±0.86)E-04 (4.07±1.62)E-04
3[V][Ni][S]/[BC]  (6.7±6.65)E-05 (1.06±0.31)E-07 (1.06±0.31)E-07 (5.39±2.59)E-08
[V Ni 
S/BC^3]^(1/3) (1.14±0.05)E-02 2.84±0.49)E-3 (3.30±0.47)E-3 (3.23±0.87)E-3
 
8.7 Emission Factors from Train Emission Measurements  
Emission factors from measurement conducted in this study, with comparators obtained from 
other works.  
Table S 11: Emission factors for a range of diesel fuel combustion sources 
EF(N) EF(PM2.5) EF(NOx) EF 
kg-1 g·kg-1 g·kg-1 g·kg-1 
Diesel locomotive 
-line haul (Cur-
rent study) 
1.7±1x1016 1.1±0.5 28±14 1.4±0.4 
Environment 
Australia  
(NPI, 1999) 
 1.69 g kg-1*) 72.1 g kg-1*) 3.16 g kg-1*) 
Transport Canada 
(Transport_Canada, 2007) 
 0.93 g kg-1*) 75.48 g kg-1*) 1.04 g kg-1*) 
Other published 
data 
 1.2-2.2TPM,13,14 33.2-57.313,14  
Heavy Duty Die-
sel Vehicles 
(HDDV) 
1.3±0.2x1016 
(Kittelson et al., 2006)a 
0.47±0.66x1016 
(Ban-Weiss et al., 2009)h 
2.5 
(Kirchstetter et al., 1999)g 
1.1±0.2 
(Grieshop et al., 2006)g 
2.2 
(Lowenthal et al., 1994)e,a 
1.54 
(Prucz et al., 2001)a,c 
1.9±0.2 
42 
(Kirchstetter, et al., 
1999)g 
43±5.5 
(Grieshop, et al., 
2006)g 
45.9±0.1 
(Burgard et al., 
2006)h,b 
29.1±1.3 
0.85±0.01 
(Burgard, et al., 
2006)h,b 
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(Yanowitz et al., 2000) a,b 
1.2±0.1 
(Yanowitz, et al., 2000) a,c 
(Yanowitz, et al., 
2000)a,b 
29.1±1.3 
(Yanowitz, et al., 
2000)a,c 
Ships  
(distillate & re-
sidual) 
4-6 x1016 
(Sinha et al., 2003)i 
1.3-8.4 
TPM(Carlton et al., 1995)  
22-66  
(Sinha, et al., 2003)i 
2.9-52  
(Sinha, et al., 
2003) 
TPMTotal particulate matter. hVehicle chase/plume capture. hRemote measurement of 
individual vehicles. iRemote measurement of ship plumes from an aircraft. gTunnel – 
fleet. aChassis dynamometer. eTrucks and buses. bTrucks. cBuses. *Original units of g L-
1 were changed to g kg-1 assuming fuel density of 820 kg m-3. 
Table S 12: Content data of Australian National Standard of diesel fuel 
Pa Australian National Standard Date of effect 
Sulfur 500 ppm (max) 31 Dec 2002 
50 ppm (max) 1 Jan 2006 
10ppm (max 1 Jan 2009 
Cetane index 46 (min) index 1 Jan 2002 
Density 820 (min) to 860 (max) kg/m3 1 Jan 2002 
820 (min) to 850 (max) kg/m3 1 Jan 2006 
Distillation T95 370°C (max) 1 Jan 2002 
 360°C (max) 1 Jan 2006 
PAHs 11% m/m (max) 1 Jan 2006 
Ash 100 ppm (max) 1 Jan 2002 
Viscosity 2.0 to 4.5 cSt @ 40°C 1 Jan 2002 
Carbon Residue  
(10% distillation residue) 
0.2 mass % max 16 Oct 2002 
Water and sediment 0.05 vol % max 16 Oct 2002 
Conductivity @ ambient 
temp 
50 pS/m (Min) @ambient temp (all 
diesel held by a terminal or refinery 
for sale or distribution) 
16 Oct 2002 
Parameters 
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Lubricity 0.460 mm (max) (all diesel contain-
ing less than 500ppm sulfur) 
16 Oct 2002 
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